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Abstract 
This study characterizes the current state of water quality of surface streams and rivers in 
the eastern New England region. A set of water quality data for nine rivers, part of the 
USGS National Water-Quality Assessment (NAWQA) Program was statistically 
evaluated to identify natural and anthropogenic persistent influential factors on water 
quality in surface waters. Binary analysis and multivariate analysis, mainly Principal 
Component Analysis (PCA) and Factor Analysis (FA) were applied to determine the least 
number of independent relationships among multiple chemical components in the data set. 
Statistical results show that in eight of the nine rivers included in this study, four principal 
components can explain about 80% of the total variance of the original data. The most 
significant contributing factors can be identified with: (1) chemical weathering; (2) road 
salt applications; (3) nutrient cycling; and (4) agricultural/waste water. 
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Project Summary  
Elevated concentrations of chemical components in surface streams and rivers are 
commonly observed in some areas of the United States and other countries due to 
anthropogenic activities and natural processes releasing chemical components into the 
hydrological system. Chemical components from anthropogenic activities have been 
continually increasing over the past several decades in many parts of the country. Road 
salt application, for example, has been widely used in the northeastern United States since 
1964. Therefore, some of the elements, such as sodium (Na + ) and chloride (Cl − ), can 
serve as indicators of water quality deterioration due to the use of road salt in winter 
seasons. Detecting the dominant natural and anthropogenic activities that influence water 
quality in the eastern New England region is a primary objective of this project. A set of 
water quality data for nine rivers, part of the USGS National Water-Quality Assessment 
(NAWQA) Program was statistically evaluated to identify natural and anthropogenic 
persistent influential factors on water quality in surface waters. However, due to the 
complexity of the natural water system, distinguishing between different regions and 
different sources of dominant chemical components can be difficult. In order to extract as 
much information for the sets of chemical analyses, both binary and multivariate 
statistical analysis, including Principal Component Analysis (PCA), and Factor Analysis 
(FA) are applied to identify the least number of uncorrelated variables among Na + , Mg +2 , 
Ca +2 , K + , Cl − , NO 3
− , SO4 −2 , and several other parameters. Two significant 
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relationships are observed in surface rivers using binary analysis: 
1) Sodium (Na + ) and chloride (Cl − ) are dominant chemical components and are highly 
correlated in eight of the nine rivers. This is readily seen by high correlations of Na – Cl 
in each of the eight discharge areas. 
The slopes of the linear Na – Cl plots are not passing through the origin indicating that 
road salt is not the sole contaminant and that there are other possible natural and 
anthropogenic sources. Relatively high correlations between magnesium (Mg +2 ) and 
chloride (Cl − ) as well as calcium (Ca +2 ) and chloride (Cl − ) suggest that magnesium 
chloride and calcium chloride are also correlated with sodium chloride. 
2) Ca +2  and Mg +2  are closely correlated with only one exception. Their correlations are 
likely due to a combination of chemical weathering of bedrock and cation exchange 
capacity (CEC). The second important source may be CaCl2 and/or MgCl2 in winter 
deicers. 
Multivariate analysis is a technique used to extract statistical relationship among more 
than two variables. Due to the complexity of the water system, almost all natural 
processes and anthropogenic activities that affect water quality influence more than two 
variables. More detailed information is revealed by multivariate analysis. The two most 
important results of the Principal Component Analysis and Factor Analysis were: 
1) 80% of the total variance for each river can be explained by just four principal 
components; 
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2) With similar influence for each river, the four most important contributing factors that 
have the regional wide influence on the composition of surface waters in eastern New 
England can be summarized as follows: 
• NaCl from direct surface runoff; 
• Significant amount of NaCl homogeneously mixed with chemical components 
derived from chemical weathering of bedrock; 
• Nutrient cycling; 
• Other chemical components observed for other diverse sources.  
This research provides support for the application of the multivariate statistical analysis 
to identify region-wide persistent features that influence quality of water across the 
region as well as in the local water supplies. 
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Chapter 1: INTRODUCTION 
 
Throughout human history, water has always been the most important resource used to 
sustain the development of human civilizations. Demand for water is continuously 
increasing, even at present as the world is getting more populous and more industrialized. 
On the other hand, population growth and acceleration of industrialization are strongly 
associated with degradation of water quality making surface and ground water supplies 
scarcer. Current anthropogenic activities are responsible for the deterioration of water 
quality. For example, although controls on rates of atmospheric emissions from 
combustion of fossil fuels have improved the quality of precipitation in the northeastern 
United States, pollution of surface waters from diffuse sources, such as urban and 
agricultural runoff and road salt application, may prevent achievement of national water 
quality goals (Rhodes et al., 2001). Moreover, nonpoint source pollution in runoff is 
difficult to control because its source cannot be attributed to a particular location but 
rather to diffuse area (Rhodes et al., 2001). Therefore, population growth and human 
activities are the leading causes of degradation of water quality in the modern world. 
Because the natural water cycle is a complex system, it is not simple but rather very 
difficult to identify each individual factor and its level of influence on overall water 
quality. Several reasonable predictions and assessments can be made by applying 
statistical analysis to a set of chemical analyses of water samples collected over multi-
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year period from the same sampling locations at regular time intervals. Some of the 
findings include abnormally high concentrations of sodium, chloride, and other major 
elements (Mg +2 , Ca +2  and K + ) detected in some surface water systems in recent decades 
in the northeastern states of the US (Panno et al. 2006). Previously, salinization of fresh 
water was attributed to agricultural land uses where fertilizers are heavily used (Xie et al. 
2005). However, this contamination source is currently not as relevant in the northeastern 
US. Road salt application in winter seasons, especially in New England and northern 
states of the US, overtake agricultural practice as the dominant factor in degradation and 
salinization of surface and ground water. Usage of road salt on U.S. roads has greatly 
increased in the past 65 years (Jackson and Jobbagy, 2005) (Figure 1). In the northeast, 
the usage has been applied in all New England states, including Maine, New Hampshire, 
Connecticut, Massachusetts, Rhode Island, Vermont, plus the state of New York. Sodium 
chloride can enter the subsurface or nearby rivers as the snow melts. As a consequence, 
the concentrations of sodium and chloride have been observed to rise over the past 
decades in the majority of surface rivers in New England and northeastern states.              
The Environmental Protection Agency (EPA) sets a guiding level on the concentrations of 
sodium at 60 mg/L (www.epa.gov/safewater/ccl/pdf/sodium.pdf) and a secondary 
standard for chloride in drinking water at 250 mg/L (www.epa.gov/consumer 
/2ndstardards.html) for human beings. However, according to the analysis of water 
samples collected from major rivers in the New England area, rivers near heavily 
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Figure 1: Sales of rock salt for highway use in the U.S. from 1940 to 2004 (Data are 
taken from Robert and Esteban, 2005) 
 
populated areas have shown on occasion higher sodium and chloride concentrations than 
the EPA regulations allow, which is a direct evidence of water quality degradation. 
Because of the mobility of dissolved salt in water, potential future problems arise. These 
problems include toxicity to plants and fish, groundwater contamination, and human 
health, particularly salt intake and hypertension (Jackson and Jobbagy, 2005). Therefore, 
water quality monitoring is an essential element of any scientific research designed to 
manage and protect drinking water supplies.  
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Chapter 2: BACKGROUND 
 
Water quality variation of the nine rivers in Eastern New England is the main focus of 
this study. These rivers are: Aberjona River, Charles River, Saugus River, Merrimack 
River, Stillwater River, Wading River, Neponset River, Ipswich River and Kennebec 
River (Figures 2, 3, and 4) (Campo, Flanagan, and Robinson, 2003). A set of complete 
chemical analyses of 382 water samples representing the above mentioned nine rivers and 
groundwater systems collected from a single fixed point during the October 1998 to 
September 2001 period, were obtained from the U.S. Geological Survey National Water 
 
Figure 2: New England Coastal Basins (NECB) NAWQA study area 
(source: http://nh.water.usgs.gov/projects/nawqa/nawqaweb.htm) 
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Figure 3: Location of sampling sites  
(source: http://nh.water.usgs.gov/projects/nawqa/sw.htm) 
 
        
       Figure 4: Sampling sites in eastern Massachusetts 
        (source: http://nh.water.usgs.gov/projects/nawqa/sw.htm) 
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Quality Assessment (NAWQA) program: New England Coastal Basins (NECB) study 
unit (http://nh.water.usgs.gov /projects/nawqa /nawqaweb.htm). The program is designed 
to describe the status and trends in the quality of a large, representative part of the 
nation’s surface- and ground-water source. The program works closely with municipal 
water suppliers throughout the nation to help address specific problems or to conduct 
detailed investigations of factors affecting source – water quality (Sloto and Buxton, 
2005). My study focus is on application of statistical methods to evaluate water quality 
data of Surface Water New England Coastal Basins (NECB) area with the purpose of 
identifying underlying water quality trends and the most meaningful sets of factors that 
exert the most significant influence on water quality variation in this region. Background 
information for all nine watersheds of the NECB area is summarized in Tables 1, 2 and 3.  
(data source: http://nh.water.usgs.gov/projects/nawqa/data/fixedsite_chars.xls) 
    Table 1: Hydrological characteristics of the NECB watersheds 
Rivers Discharge Area 
km² 
(square miles) 
Pop Density 
km² 
(square miles) 
Average annual 
Temperature 
(deg. Celsius) 
Glacial Till 
(%) 
Glacial 
Outwash  
(%) 
Aberjona 67.65 (25.15) 1,162 (3,010) 9.21 56.5 43.5 
Charles 721.35 (268.16) 519 (1,345) 9.25 50.8 49.2 
Ipswich 119.73 (44.51) 454 (1,175) 9.23 43.1 56.9 
Kennebec 14,557 (5,411) 10 (26) 4.33 97.6 2.4 
Merrimack 12,446 (4,627) 107 (278) 7.18 78.1 21.9 
Neponset 88.15 (32.77) 416 (1,078) 9.56 44.2 55.8 
Saugus 62.70 (23.31) 885 (2,291) 9.47 58.0 42.0 
Stillwater 81.72 (30.38) 64 (166) 8.07 83.0 17.0 
Wading 117.74 (43.77) 206 (533) 9.46 39.7 60.3 
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    Table 2: Land use information of the nine watersheds 
Rivers Forested (%) Urban (%) Water (%) Agriculture(%) Wetlands (%) 
Aberjona 23.8 67.3   4.3 
Charles 53.0 29.8  7.5  
Ipswich 39.4 38.0   16.2 
Kennebec 79.6  6.3 5.9  
Merrimack 73.6 8.5  7.6  
Neponset 52.9 30.1   9.6 
Saugus 26.9 55.9   9.1 
Stillwater 75.2   10.0 8.1 
Wading 63.5 18.4   8.8 
 
              Table 3: Water budget of the nine watersheds 
Station 
Name 
Q mean annual 
cm(inches) 
Total Precip 
cm(inches) 
Snowfall 
cm 
(inches) 
Precip minus 
overland flow 
cm (inches) 
Number of 
data 
Sampling 
period 
Aberjona 39.60 (15.59) 116.15 (45.73) 151.69 (59.72) 76.56 (30.14) 88 Oct 98-Sept 
01 
Charles 38.76 (15.26) 118.01 (46.46) 116.59 (45.90) 79.25 (31.20) 62 Oct 98-Sept 
01 
Ipswich 48.21 (18.98) 114.81 (45.20) 142.75 (56.20) 66.60 (26.22) 41 Oct 98-Sept 
01 
Kennebec 54.89 (21.61) 110.54 (43.52) 285.17 
(112.27) 
55.65 (21.91) 22 Oct 98-Sept 
00 
Merrimack 55.70 (21.93) 113.16 (44.55) 200.91 (79.10) 57.45 (22.62) 37 Oct 98-Sept 
01 
Neponset 57.20 (22.52) 119.81 (47.17) 109.96 (43.29) 62.61 (24.65) 27 Oct 98-Sept 
00 
Saugus 44.73 (17.61) 114.55 (45.10) 134.70 (53.03) 69.82 (27.49) 38 Oct 98-Sept 
01 
Stillwater 59.61 (23.47) 125.32 (49.34) 164.97 (64.95) 68.25 (26.87) 38 Oct 98-Sept 
01 
Wading 56.18 (22.12) 119.48 (47.07) 100.43 (39.54) 63.30 (24.92) 29 Oct 98-Sept 
01 
 
Among the nine watersheds, the Kennebec and Merrimack Rivers have the largest 
discharge areas: 14,557 km² and 12,446 km², respectively. Discharge areas of the other 
seven watersheds range from 62.7 to 721.35 km² (Table 1). Major land use for Aberjona 
River and Saugus River are urban, which accounts for 67.3% and 55.9% of the total land 
use, respectively. The other seven rivers have forest as their major land use, accounting 
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for from 52.9% to 79.6% of the total land use (Table 2). Specifically, Ipswich River, 
Neponset River and Charles River have over 25% of the total land use as urban area for 
inhabitants (Ipswich River: 38%; Neponset River: 30.1%; and Charles River: 29.8%) 
(Table 2). The degree of urbanization is also reflected by population density. Among the 
nine watersheds, population density associated with Aberjona River is 1,162 inhabitants 
per square kilometer, Saugus River 885 inhabitants per square kilometer, Charles River 
519 inhabitants per square kilometer, Ipswich River 454 inhabitants per square kilometer 
and Neponset River 416 inhabitants per square kilometer. The remaining four rivers have 
lower population densities varying from 10 to 206 inhabitants per square kilometer (Table 
1). 
Precipitation, stream flow and evapotranspiration display similar features across the 
entire region, although there are minor local differences. The amount of average 
precipitation ranges from 110.54 to 120.32 centimeters, representing a difference of only 
10% between the minimum and maximum records, which is not a substantial difference 
compared to the large area of the watersheds. The stream flow rate ranges from 38.76 to 
59.61 centimeters. The difference is over 50% between the minimum and maximum 
records. The lowest stream flow rates were recorded in the Aberjona River, Charles River, 
Saugus River, and Ipswich River. These rivers flow through heavily populated areas. As a 
consequence, water withdrawal from these rivers for civil use is expected higher than that 
from the other rivers. Charles and Aberjona Rivers recorded the lowest flow rate because 
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they flow through the urbanized Boston metropolitan area. Theoretically, if we take into 
consideration the amount of water already used for urbanization development and add it 
back to the stream flow, all nine rivers have similar stream flow rate. Evapotranspiration, 
calculated as the quantity of precipitation minus the quantity of stream flow, ranges from 
57.45 to 79.25 centimeters (Table 3). The explanation for the difference is similar as 
above: a portion of the water has been pumped for metropolitan development. It leads to 
a seemingly higher value of evapotranspiration. Therefore, if that portion of water is not 
counted, then evapotranspiration appears to be similar in all discharge areas.  
Based on the analysis above, watersheds of nine rivers exhibit similar hydrological 
characteristics. Due to similar precipitation volumes, similar calculated unregulated 
stream flow rate and evapotranspiration, the hydrological factors in all watersheds should 
exert similar influence on water quality. 
Based on the percentage of land use, nine surface rivers can be recognized into three 
types: urban land use, forested land use and agricultural land use. As stated earlier, human 
activities exert significant influence on water quality. Therefore, rivers with different 
percentage of land use display different water quality characteristics. 
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Chapter 3: PURPOSE AND SCOPE 
 
3-1 Objectives  
The purpose of this research is: 1) to characterize chemical variations in the nine 
NAWQA New England rivers in terms of their natural and anthropogenic sources of 
major dissolved chemical components (Na + , Cl − , Ca +2 , Mg +2 , K + , SiO2, SO4 −2 , and 
NO3 − ) and 2) based on those, to try to identify potential contributing processes which 
could help to explain the observed temporal and spatial patterns in these rivers. NAWQA 
NECB provides a consistent data set that can be explored for this purpose. Potential 
natural and anthropogenic processes most likely to influence natural water quality include: 
water – rock, water – soil interaction, nutrient cycling, agricultural chemicals, road 
deicing agents, municipal landfills, and effluents from private and public septic systems. 
In addition, flow rate and evapotranspiration of surface flow also influence water quality. 
Considering the multiple contributing sources and complexity of river systems, principal 
component analysis and factor analysis were applied to determine the statistical 
correlations among the selected chemical components and their potential sources and the 
degrees of influence on water quality. 
 
3-2 Study Approach 
Variables selected to be analyzed include 13 major water quality parameters: Ca +2 , Mg +2 , 
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K + , Na + , Cl − , SiO2, SO4 −2 , NO3 − , P, DOC (dissolved organic carbon), NH4 + , flow 
rate and water temperature. These variables are included because they are the majority of 
elements in surface rivers, and because many natural processes and anthropogenic 
activities involve at least one of them. In addition, variables such as DOC, NH4 +  and DO 
are tied to organic processes that have potential influence on water quality. Flow rate and 
water temperature are measurements of physical status of water. They are important 
indicators of a river’s seasonal variations.  
Potential factors responsible for water quality are generally divided into two types: 
general and specific. General factors include those exerting influence on all of the rivers 
in a similar way. Specific factors include those that are more localized and only have 
influence in specific regions. Geological and environmental character of watersheds as 
well as statistical analyses of water samples can help us identify contributing factors and 
the groups they belong to. 
Identification of general factors is greatly based on the geological and environmental 
characteristics of watersheds. The amount of precipitation and evapotranspiration can be 
determined from information in Tables 1, 2 and 3. Percentage of land use is another 
important indicator for each type of rivers.  
Identification of specific contributing factors is largely based on statistical analysis of 
water chemical data from groups of rivers sharing similar general factors. For this 
purpose, rivers are combined with respect to general factors. For example, nine rivers can 
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be divided into three types with similar land use characteristics: 
Forested area: Kennebec River, Stillwater River, Merrimack River and Wading River; 
Urban area: Aberjona River and Saugus River; 
Agricultural area: Stillwater River, Merrimack River and Charles River. 
Variables used for statistical analysis are the same for all subgroups (Ca +2 , Mg +2 , K + , 
Na + , Cl − , SiO2, SO4 −2 , NO3 − , P, NH4 + , flow rate, pH, and water temperature). After 
data are grouped, principal component analysis and factor analysis are applied to the data 
groups to extract statistical correlations. Statistical correlations are the key criteria for 
identifying complex contributing processes. 
A successful application of multivariate statistical analysis (PCA and FA) suggests that 
data sets are internally linear correlated. We test the applicability of data sets before going 
any further. Examination for linear correlations of data sets is conducted in order to 
ensure PCA and FA will work appropriately on them. To achieve this goal, binary scatter 
plot between any of the two major ions and parameters: Ca +2 , Mg +2 , K + , Na + , Cl − , 
SiO2, SO4 −2 , NO3 − , and flow rate are drawn in order to ensure that relationships 
between any two individual components are linear correlated. 
Natural factors having potential influence on water quality can be obtained by applying 
PCA and FA to data sets from rivers without anthropogenic inputs. Generally, rivers with 
large percentage of forested land use, as well as little urbanization or agriculture, are 
chosen and analyzed. The effect of nutrient cycling on water quality can be detected 
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during this procedure. The Kennebec River is an example of such a river. To highlight the 
influence from anthropogenic activities, data sets from Kennebec River are separated 
from the other eight rivers. 
According to Table 2, rivers are divided into three groups in terms of land use: urban, 
forested, and agricultural. The effect of road deicing agent, municipal landfill leachate 
and septic effluent can be evaluated from the urban group by analyzing the correlation 
patterns of elements. The effect of agricultural chemicals on water quality can be 
evaluated in a similar way by analyzing the agricultural group. 
Chemical weathering of bedrock releases different chemical components into rivers. Ions 
that eventually enter rivers with the surface runoff can be evaluated from both geological 
characteristics of the watershed (e.g. rock type, soil type, percolation of soil, etc.) and 
statistical results of related rivers. 
The concentrations of elements also change with seasonal variations. To evaluate the 
influence of seasonal variations, data sets from rivers with similar watershed 
characteristics are subdivided into three groups based on seasons: winter - January to 
April; summer - May to September; and fall - October to December. Different 
correlations of variables from each period could reveal the influence from seasonal 
changes on water quality. 
Flow rate is another important factor on water quality. Generally, it changes the 
components’ concentrations. To evaluate the effect of flow rate, data sets from rivers with 
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similar land use are subdivided into high-flow and low-flow subgroups.   
 
 
 
Chapter 4: TECHNIQUES OF STATISTICAL ANALYSES 
 
As stated in the previous chapter, one of the purposes of this research is to characterize 
the chemical variations and covariations of the 13 selected variables. Specifically, this 
goal is achieved by identifying underlying correlations among the variables. In other 
words, we specially focus on the variations, trends, and relationships of data sets, and do 
not concentrate too much on each individual data point. For example, sodium and 
chloride are two major elements in surface rivers, and they both display seasonal cycles. 
However, their close correlation cannot be detected unless their data sets are put in a two-
dimensional coordinate. By analyzing their relationship, we may conclude that road salt 
application may be the factor that contributes to the high concentrations of sodium and 
chloride. As for more complicated factors that influence the concentrations of more than 
two elements, analyzing their underlying correlations is the only means to find the 
contributing factors. Therefore, a robust statistical technique, multivariate analysis, 
including principal component analysis (PCA) and factor analysis (FA), are introduced 
into this research (Praus, 2005). PCA and FA are two robust techniques used to describe 
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correlations of variables statistically, and are often used in environmental studies. 
Principal component analysis reduces a large number of variables to a smaller set of 
principal components reflecting the underlying variations of original variables with 
minimal loss of original information. Factor analysis helps explain these derived principal 
components. Both types of multivariate statistics aim at analyzing data sets as a whole 
instead of individual variables. This approach applies well to surface water systems, 
where the multiple variables are interconnected.  
 
4-1 Data Transformation for Multivariate Analysis 
The two statistical techniques (PCA and FA) require that each variable in data sets to be 
analyzed is normally distributed around each individual variable mean. However, the 
original data sets from nine rivers are typically not normally distributed. Therefore, 
variables need to be transformed to the pattern where each individual data point is closer 
to the mean. In other words, the data sets are closer to normal distribution so that they are 
eligible to be used.  The way the date is transformed is that each individual data point is 
divided by the standard deviation (σ ) of the variable that the data point comes from. In 
detail, for an N×K matrix, the number of columns K means the number of variables, the 
number of rows N represents the number of data points each variable has. For such a data 
table, the mathematical formula used to calculate the value of standard deviation is 
present in the following: 
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                  (1) 
                                                      (2) 
(formulas are from: http://en.wikipedia.org/wiki/Standard_deviation) 
Where σ represents the standard deviation value, N is the number of variables, xi 
represents each data point, and  is the arithmetic mean of xi. Each variable in the data 
table yields a standard deviation. Original data sets are normalized by having each data 
point standardized before being ready to be analyzed by multivariate techniques. 
The transformation of data sets makes the results more statistically meaningful. For most 
of the rivers affected by road salt application, statistical results based on the original data 
sets show that the first contributing factor – road salt explains over 90% of the total 
variance, accounting for almost all the variances and consequently, making other factors 
negligible. Take the Aberjona River as an example, the statistical result yielded from 
original data sets shows that the first two factors explains 97.6% of the total variance, the 
other two factors combined explain less than 2%. On the other hand, the first factor from 
normalized data sets explains 47.72% of the total variance, and the first four factors in all 
explain 84.83% (Table 7). Data normalization adjusts the weights of contributing factors 
internally to make the results more statistically meaningful.  
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4-2 Principal Component Analysis 
The main goal of principal component analysis (PCA) is to reduce a large number of 
variables to a small set of principal components that reflect the underlying statistical 
variations and consequential processes with minimal loss of original information 
(Anazawa et al. 2001). These principal components are referred to as “factors” that 
explain the dimensions associated with data variability, and new axes are defined to 
minimum. As will be stated in the next section, varimax rotation is applied to the initial 
principal components in order to maximize their variance. Compared to principal 
components that are not rotated, new principal components are almost always orthogonal 
and are in the order according to the proportion of the variance of the original data.  
 
4-3 Varimax Rotation 
Varimax rotation is by far the most popular rotation method since it was developed by 
Kaiser in 1958 (Kaiser, 1958). Varimax rotation performs in such a way that the original 
axes rotate to a degree where they pass through the center of areas where a cluster of 
variables are concentrated. In other words, each variable is associated with one (or more) 
of the factors. Therefore, interpretation becomes easier because a group of variables is 
ruled by a single factor, and the factor can often be interpreted from the opposition of few 
variables with positive loadings to few variables with negative loadings.  
To illustrate the procedure for a varimax rotation, suppose we have seven variables 
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scattered in a two–dimensional space as shown in Figure 5. To maximize the variance, 
the first factor rotates 15 degrees clockwise in order to correlate three variables in the 
second quadrant and one variable in the fourth quadrant. The second factor rotates the 
same way in order to link the other two variables in the third quadrant (Figure 6). The 
rotating factors are set as the new axes, and we find that the seven variables are more 
closely related to axes than they were before rotation method was applied (Figure 7). 
Therefore, by making the rotation, interpretation becomes easier because each variable is 
closely related to one factor, and variables relating to similar factors display even closer 
relationships. 
Plot between principal component one and two, and principal component one and three, 
as shown in Figure A-19 to A-27, are the results from varimax rotation. 13 variables in 
these figures are grouped along axes. It facilitates our explanation of axes by making an 
analysis of each grouped variables. 
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       Figure 5: Varimax rotation – original data points 
 
 
            Figure 6: Varimax rotation – rotated axes  
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      Figure 7: Varimax rotation – data points in new space 
 
4-4 Factor Analysis 
Factor analysis (FA) derives a subset of uncorrelated variables called factors that best 
explain the total variance observed in the original data sets (Anazawa et al., 2001; 2005; 
Wayland et al., 2003; Lee et al., 2004; Boyacioglu, 2006). Because any two factors are 
orthogonal, they are totally uncorrelated (Gorsuch, 1983). Thus, correlations among 
chemical variables within each factor are meaningful, including the number of correlated 
variables and the strength of their correlations. Each such factor is not tied to a single 
natural process or anthropogenic activity. It may be a combination of multiple processes 
and activities. 
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There is a difference between the two techniques in the literature. Principal component 
analysis is a data reduction technique aiming to explain most of the variance in the data 
while reducing the number of variables to a few uncorrelated components. In contrast, the 
purpose of factor analysis is to identify underlying factors that are responsible for the 
correlation among the variables. Both of the two techniques are applied with the purpose 
of identifying underlying factors behind data sets. 
 
4-5 Combination of Principal Component Analysis and Factor Analysis  
Principal component analysis and factor analysis are two branches of multivariate 
analysis designed to deal with large data sets. Both PCA and FA perform with the purpose 
of simplifying the data structure. Therefore, they can be combined together. PCA is a data 
reduction technique aiming to explain most of the variance in the data while reducing the 
number of variables to a few uncorrelated components, while the purpose of FA is to 
identify underlying factors that are responsible for the correlation among the variables. 
Generally, they both generate a set of new variables, called principal component loading 
or factor loading. Each new variable is a linear combination of original variables. Both of 
the two techniques set up new space by generating new principal components or factors 
as the axes so that original variables move closer to those new axes. The first component, 
whether it comes from PCA or FA, accounts for as much of the original variance as 
possible, and each succeeding component accounts for decreasing amount of the 
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remaining variance. 
However, PCA and FA do have differences in how data is processed. First, PCA does not 
work directly on the original data sets but on the correlation matrices extracted from 
original data table. FA, however, works directly on the original data sets. Second, 
principal components generated from the linear combination of the original variables are 
orthogonal to each other. Therefore, there is no redundant information left. The principal 
components as a whole form an orthogonal basis for the space of the data. FA, if without 
varimax rotation, has redundant information left outside the space, because orthogonal 
axes are not a required criterion, axes can be oblique to each other.  
Therefore, the statistical results from the two techniques exhibit different patterns. FA is 
more concentrated on the internal correlations between parameters. Correlated parameters 
are clearly shown in the factor loadings table. PCA is more designed to calculate the 
variance each principal component explains. The number of principal components is 
determined according to the criterion that the sum of the total variance explained by the 
selected principal components exceeds 80%. For most of the rivers in this study, four 
principal components are enough to meet this criterion (Charles River needs five 
principal components). PCA and FA are internally correlated, PCA calculates the variance 
distribution and determines the number of factors. FA extracts statistical correlation 
information from each of the variables determined by PCA. 
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4-6 Boxplot 
Boxplot is a graphical representation of dispersions and extreme scores. It is a convenient 
way of depicting five important parameters: the smallest observation, lower quartile, 
median quartile, upper quartile, and largest observation. Boxplot is a vivid means to 
display the distribution of data sets where we could know the variation of each parameter.  
Boxplot is a robust approach for examining a set of data. Figure A-1 to A-9 are boxplots              
 
            Figure 8: Boxplot for Aberjona River (the same as Figure A-1 in Appendix A) 
 
from each of the nine surface rivers. In boxplot, each parameter in the Y axis corresponds 
to a particular plot. Each plot has a box in the middle with a line extending to both sides. 
Left edge of the box represents the lower quartile, right edge represents the upper quartile, 
and the line in the box is call median quartile. The three lines cut the whole data sets 
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equally into four parts according to their values. Therefore, the box contains 50% of the 
data from lower 25% to upper 75%, known as inter–quartile range. The ends of each 
horizontal line, also known as “whiskers”, indicate the maximum and minimum of the 
data values. Whiskers usually extend up to 1.5 times as the inter–quartile range. Data 
points within this range are considered “close” to the central point. However, in most 
cases, a number of data points are far from the central point which cannot be considered 
to be close, these data points therefore are beyond the whiskers and are marked as small 
red crosses called outliers. Outliers either larger than the maximum whisker or less than 
the minimum whisker are usually caused by abnormal data points.  
Boxplot has the advantage of comparing all variables in one graph in a straightforward 
way. We can analyze and compare the range of variance of each variable. 
 
4-7 Variables for Multivariate Statistical Analysis 
As stated above, USGS provides a variety of variables from water sample analysis. 
However, not every variable is good for my analysis. Several trace elements, such as iron 
and manganese, have very low concentrations in rivers. Those trace elements do not 
match well with those major elements whose concentrations are two to three orders 
higher. In addition, complicated organic compounds as well as low concentrated heavy 
metals are not the key elements to this project. Therefore, variables used in my analysis 
are major elements or compounds with multiple sources. Those variables contributing to 
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identifying potential factors include calcium (Ca +2 ), magnesium (Mg +2 ), potassium 
(K + ), sodium (Na + ), chloride (Cl − ), silica (SiO2), sulfate (SO4 −2 ), nitrate (NO3 − ), 
phosphor (P), dissolved organic carbon (DOC), ammonia (NH4 + ), stream flow rate, and 
water temperature. Number of variables may vary in accordance with different situations. 
 
4-8 Statistical Procedure 
Before running the statistical techniques, data sets are grouped and edited to address 
specific questions. The first step is to delete outliers, using statistical criteria for data 
significance. Surface data sets are grouped according to different rivers. The statistical 
results from individual rivers are used to identify significant factors which are likely to 
exert the most important influence on water quality. These factors give us a general idea 
regarding contributing factors related to each of the nine rivers. To test specific factors, 
such as land use, dilution, etc., data sets are also divided into sub-groups according to 
watershed characteristics. After data grouping is completed, principal component analysis 
and factor analysis are applied to those data groups. The statistical outcomes are 
presented as PC loadings, factor loadings, boxplots, and plots between PC 1 and PC 2, or 
PC 1 and PC 3. All the information generated from those data tables and plots helps us 
achieve the purpose of identifying underlying factors. 
 
 
                                                                                           
26
Chapter 5: RESULTS 
 
5-1 General Results 
A summary of the results of statistical analyses of data sets for nine rivers in this study is 
given in Tables 7 to 15 and in Figures A-19 to A-27. The variables chosen as parameters 
include calcium (Ca +2 ), magnesium (Mg +2 ), potassium (K + ), sodium (Na + ), chloride 
(Cl − ), silica (SiO2), sulfate (SO4 −2 ), nitrate (NO3 − ), phosphorous (P), dissolved organic 
carbon (DOC), ammonia (NH4 + ), flow rate, and water temperature. Each of these 
parameters is involved in one or more factors which exert influence on water quality. 
Results in the form of plots and tables from binary variation analysis and multivariate 
analysis will be present and discussed in the following two subchapters. 
 
5-2 Binary Variations 
5.2.1. Chloride vs. Sodium  
One of the most obvious findings from linear plots of the original data is that sodium and 
chloride are very tightly correlated. They follow a similar linear trend in all the linear 
plots except in Kennebec River (Figure 9). The R 2  values of Na-Cl trend lines are 
ranging from 0.92 to 0.98. In other words, the ratio of Cl −  to Na +  is close to one. This 
discovery may demonstrate that Cl −  and Na +  come from the same source. More detailed 
discussion will be shown in later chapter. P-value in the last column is a measure of the 
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probability for R 2  values. The lower the p-value is, the stronger the correlation is, and 
therefore, the more reliable the linear correlation coefficient R 2 . As shown in Table 4, all 
P values are less than 0.1%, indicating that R 2  values for each river data set are very 
reliable, which demonstrates the use of binary analysis in this study. 
One exception is Kennebec River. The ratio of Cl −  to Na +  is far less than that observed 
in other eight rivers (Figure 10). The explanation may be the watershed characteristics of 
Kennebec River. The population density is only 10 habitants per kilometer (Table 1), 
which is far less than that to the other eight watersheds. Small population density implies 
small road density and the minor use of winter road deicers. 
 
Figure 9: Plots of Cl −  to Na +  for the nine rivers 
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Table 4: Key parameters of Cl-Na plots for the nine rivers 
River Slope Intercept R 2  N P-value 
Aberjona 1.79 1.71 0.98 88 <0.0001 
Charles 1.74 2.08 0.98 62 <0.0001 
Ipswich 1.80 -0.35 0.98 41 <0.0001 
Kennebec 0.46 2.42 0.48 22 0.0004 
Merrimack 1.67 -0.74 0.97 37 <0.0001 
Neponset 1.78 -0.38 0.92 27 <0.0001 
Saugus 1.89 -1.71 0.98 38 <0.0001 
Stillwater 2.10 -3.67 0.93 38 <0.0001 
Wading 1.87 -4.65 0.95 29 <0.0001 
 
 
               Figure 10: Plot of Cl −  and Na +  for Kennebec River 
 
We can conclude from the Figure 9 and Table 4 that Cl −  and Na + from all rivers except 
the Kennebec River are approximately linear correlated. 
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5.2.2 Calcium vs. Magnesium 
Another relationship that can be easily identified from binary systems is relationship 
between Ca +2  and Mg +2 . From the original data set, Ca +2  and Mg +2  are the most 
abundant elements following Na +  and Cl − . Similar to Na +  and Cl − , Ca +2  and Mg +2  
display a linear relationship for all rivers (Figure 11). Saugus River shows much higher 
concentrations of Ca +2 and Mg +2 than those of the other rivers. It is an indicator that 
differentiates Saugus River from the other eight rivers. The maximum concentrations of 
Ca +2 and Mg +2 are 35 mg/L and 12 mg/L, respectively, compared to an average of 10 
mg/L for Ca +2  and 5 mg/L for Mg +2 . Very small P values indicate the R 2  values are 
reliable. 
 
Figure 11: Plots of Ca +2  to Mg +2  for the nine rivers 
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Table 5: Key parameters of Ca-Mg plots for the nine rivers 
River Slope Intercept R 2  N P value 
Aberjona 0.17 -0.03 0.96 88 <0.0001 
Charles 0.20 0.34 0.91 62 <0.0001 
Ipswich 0.20 0.25 0.91 41 <0.0001 
Kennebec 0.17 0.19 0.85 22 <0.0001 
Merrimack 0.18 0.08 0.98 37 <0.0001 
Neponset 0.28 0.04 0.88 27 <0.0001 
Saugus 0.34 0.26 0.65 38 <0.0001 
Stillwater 0.15 0.15 0.98 38 <0.0001 
Wading 0.23 0.05 0.91 29 <0.0001 
 
We can conclude from Figure 11 and Table 5 that Ca +2  and Mg +2 in all rivers are nearly 
all linearly correlated. 
 
5.2.3 Specific Conductance – (Chloride + Sodium) 
Specific conductance is a measure of how well water can conduct electrical current. In 
general, specific conductance indirectly measures the total dissolved ions in water. 
Because it reflects the total dissolved ions, it can be used as an indicator of the level of 
concentrations of ions in water. Plots of specific conductance versus the sum of sodium 
and chloride can evaluate the contribution of road salt to the total dissolved ions in rivers, 
and based on the results, we can evaluate the influence of road salt applications on any 
single river.        
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               Figure 12: Plots of specific conductance to (Na + +Cl − ) for nine rivers 
Table 6: Key parameters of specific conductance-(Na + +Cl − ) plots for the nine rivers 
River Slope Intercept R 2  N P value 
Aberjona 0.14 99.93 0.10 88 0.0027 
Charles 0.40 -21.49 0.92 62 <0.0001 
Ipswich 0.37 -10.47 0.82 41 <0.0001 
Kennebec 0.21 -3.03 0.86 22 <0.0001 
Merrimack 0.37 -8.96 0.97 37 <0.0001 
Neponset 0.36 -10.53 0.90 27 <0.0001 
Saugus 0.35 -3.72 0.90 38 <0.0001 
Stillwater 0.35 -6.33 0.65 38 <0.0001 
Wading 0.32 1.60 0.71 29 <0.0001 
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       Figure 13: Relationship between molar ratio of Cl to Na and specific conductance 
 
The relationship between specific conductance and road salt is approximately linear in all 
the rivers except in the Aberjona River (Figure 12 and Table 6). Figure 13 compares the 
relative relationship between molar ratio of chloride to sodium and specific conductance. 
The results show that eight of the nine rivers have ratios of chloride to sodium above one 
regardless the level of specific conductance. The only exception is Kenebec River. The 
ratio of chloride to sodium for Kennebec River is below one. Its relationship will be 
discussed further in the Discussion chapter. 
 
5-3 Multivariate Results 
As stated earlier, 13 variables are selected for multivariate analysis. By analyzing the 
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results and combining them with hydrological background of the watersheds, we 
identified nine contributing factors which may have major influence on water quality. 
They are: 
1. chemical weathering of bedrock; 
2. road salt runoff; 
3. nutrient cycling; 
4. urbanization; 
5. dilution by overland flow; 
6. evapotranspiration; 
7. land use; 
8. groundwater discharge; and  
9. acid rain. 
 
5.3.1 Principal Component Analysis and Factor Analysis 
PCA and FA can reveal relationships that are not apparent from the binary variation 
discussed in the previous section. Principal component analysis operates on the data in 
order to reduce the variables into highly correlated smaller groups. Factor analysis is the 
analytical tool which highlights the highly correlated variables. The combination of the 
two techniques shows us the most significant factors to water quality and the group of 
variables correlated under each factor. The criteria for deciding the number of most 
significant factors are that the total variance explained by the selected variables must 
exceed 80% of the total variance. 
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(1). Aberjona River 
Table 7-A and 7-B are the PC loadings and Factor loadings for Aberjona River, 
respectively. The first four principal components contribute to 84.83% of the original 
variance. The first principal component explains 48% of the total variance, followed by 
18%, 10% and 8% explained by the second, third and fourth principal components. We 
choose highly correlated variables from corresponding factor and list them as follows: 
Factor 1: Ca +2 , Mg +2 , K + , SiO2, SO4 −2 , NO3 − , and flow rate; 
Factor 2: Na +  and Cl − ; 
Factor 3: SO4 −2  and NH4 + ; 
Factor 4: DOC. 
Table 7: Results of Multivariate Results-Aberjona River 
                               7-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.39 0.06 -0.07 0.01 
Mg -0.39 0.02 -0.12 0.04 
K -0.35 0.11 0.04 -0.23 
Na -0.21 -0.48 0.02 -0.25 
Cl -0.22 -0.48 -0.03 -0.23 
SiO2 -0.35 0.10 -0.11 0.06 
SO4 -0.31 0.27 0.38 -0.02 
NO3 -0.31 0.09 -0.09 0.08 
P 0.26 0.28 -0.18 -0.33 
DOC 0.02 0.24 -0.27 -0.78 
NH4 -0.03 0.18 0.80 -0.23 
Flow Rate 0.32 -0.10 0.14 -0.05 
Water Temperature -0.06 0.50 -0.21 0.20 
Cumulative Variation 
(%) 47.72 66.41 76.28 84.83 
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                                                           7-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.98 0.17 0.05 -0.04 
Mg 0.97 0.20 -0.03 -0.09 
K 0.85 0.15 0.21 0.18 
Na 0.28 0.95 0.00 -0.07 
Cl 0.32 0.94 -0.06 -0.09 
SiO2 0.86 0.06 0.05 -0.07 
SO4 0.74 -0.09 0.66 -0.06 
NO3 0.74 0.03 0.00 -0.03 
P -0.49 -0.36 -0.03 0.47 
DOC 0.05 -0.09 0.00 0.83 
NH4 -0.03 -0.08 0.85 0.01 
Flow Rate -0.76 -0.04 0.01 0.02 
Water Temperature 0.36 -0.55 0.13 0.10 
 
The first contributing factor, which explains nearly half of the total variance, exhibits a 
high correlation among Ca +2 , Mg +2 , K + , SiO2, SO4 −2 , NO3 − , and flow rate. Flow rate 
is negatively correlated to all the other elements (Table 7-b). This type of relationship is 
consistent with the characteristics of overland flow, because increasing flow rate dilutes 
major elements in the rivers and leads to negative correlations. The second factor 
highlights a very high correlation between Na +  and Cl − , which explains 18% of the total 
variance. The third factor relates SO4 −2  and NH4 +  which explains 10% of the total 
variance. SO4 −2  and NH4 +  are nutrient compounds and 23.8% of the land use for 
Aberjona River is forest, where biological and organic activities are active. The fourth 
factor only highlights dissolved organic carbon (DOC) itself, which explains about 8% of 
the total variance. 
(2). Charles River 
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According to Table 8-A and 8-B, five factors in all explain 83.35% of the total variance. 
The highly correlated variables with respect to each factor are listed as follows: 
Factor 1: Ca +2 , Mg +2 , Na + , and SiO2; 
Factor 2: SiO2, P, and water temperature; 
Factor 3: K + , SO4 −2  and flow rate; 
Factor 4: Na +  and Cl − ; 
Factor 5: DOC. 
                            Table 8: Results of Multivariate Results-Charles River 
                    8-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 PC 5 
Ca 0.48  -0.12  0.11  -0.18  0.09  
Mg 0.48  -0.09  0.11  -0.19  0.07  
K 0.23  -0.22  -0.05  0.56  -0.04  
Na 0.43  0.01  -0.20  -0.33  0.00  
Cl 0.21  -0.02  -0.54  -0.02  -0.23  
SiO2 0.34  0.21  0.40  -0.12  0.14  
SO4 0.23  -0.01  0.16  0.58  0.18  
NO3 0.04  0.32  0.26  0.04  -0.77  
P -0.19  -0.43  0.11  -0.24  0.13  
DOC -0.04  -0.20  0.54  0.08  0.05  
NH4 -0.04  -0.39  0.24  -0.19  -0.44  
Flow Rate -0.21  0.34  0.13  -0.25  0.28  
Water Temperature -0.07  -0.53  -0.09  -0.06  -0.05  
Cumulative Variation 
(%) 28.46  50.18  66.43  77.22  83.35  
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                   8-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 F 5 
Ca 0.95  0.03  0.30  0.03  0.02  
Mg 0.96  -0.02  0.28  0.03  0.02  
K 0.12  0.06  0.67  0.09  0.01  
Na 0.80  -0.04  0.00  0.58  -0.15  
Cl 0.11  0.07  0.21  0.90  -0.35  
SiO2 0.66  -0.61  0.01  -0.13  0.35  
SO4 0.13  -0.25  0.51  -0.02  0.13  
NO3 0.01  -0.50  0.00  -0.09  0.07  
P -0.11  0.66  -0.12  -0.08  0.37  
DOC 0.01  0.08  0.11  -0.29  0.80  
NH4 0.08  0.48  0.03  -0.08  0.42  
Flow Rate -0.18  -0.29  -0.70  -0.10  0.03  
Water Temperature -0.01  0.93  0.24  -0.03  0.12  
 
The first factor, which explains the largest 28% of the total variance, highlights a close 
relationship among Ca +2 , Mg +2 , Na + , and SiO2. The second factor highlights a very 
high relationship between water temperature, silica, and phosphorous, which accounts for 
approximately 22% of the total variance. The third factor displays a relationship among 
K + , SO4 −2  and flow rate, and flow rate is negatively correlated to the other two variables. 
This factor is responsible for nearly 16% of the original variance. The fourth factor, 
explains 11% of the total variance. The last factor, as we saw in Aberjona River, 
highlights only DOC. It accounts for 6% of the total variance. Compared to the factors 
associated with the water quality of Aberjona River, factors for Charles River are more 
equally distributed. In other words, there is not a dominant factor influencing the 
concentrations of the elements. However, in Aberjona River, dilution by overland flow 
explains approximately half of the total variance. It is the most significant factor that 
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controls the major change of the water quality of Aberjona River.  
(3). Ipswich River 
The Ipswich River is within a watershed characterized by both forested and urban land as 
its major land use (Table 1). Its statistical results are shown in Table 9: 
Factor 1: Ca +2 , Mg +2 , K + , SiO2, and flow rate; 
Factor 2: NO3 − , DOC and NH4 + ; 
Factor 3: Na +  and Cl − ; 
Factor 4: water temperature.      
 
                        Table 9: Results of Multivariate Results-Ipswich River 
                 9-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.45  0.08  -0.04  0.08  
Mg -0.46  0.00  0.02  -0.01  
K -0.33  0.11  0.15  0.20  
Na -0.22  -0.40  -0.31  -0.19  
Cl -0.22  -0.39  -0.33  -0.22  
SiO2 -0.29  0.14  0.23  -0.47  
SO4 -0.10  0.02  0.73  0.04  
NO3 -0.21  -0.31  0.17  0.03  
P -0.18  0.35  -0.16  0.13  
DOC 0.09  0.39  -0.12  -0.44  
NH4 -0.03  0.43  -0.15  -0.35  
Flow Rate 0.43  -0.09  0.02  0.04  
Water Temperature -0.15  0.29  -0.31  0.55  
Cumulative Variation 
(%) 34.03  60.44  71.97  82.52  
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                     9-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.94  -0.04  0.15  0.26  
Mg 0.95  -0.12  0.22  0.07  
K 0.68  -0.08  -0.10  0.24  
Na 0.22  -0.36  0.88  -0.17  
Cl 0.23  -0.30  0.90  -0.19  
SiO2 0.67  0.31  -0.07  -0.36  
SO4 0.36  -0.22  -0.50  -0.33  
NO3 0.26  -0.52  0.23  -0.18  
P 0.33  0.36  -0.18  0.51  
DOC -0.05  0.92  -0.12  -0.01  
NH4 0.18  0.81  -0.11  0.13  
Flow Rate -0.88  -0.05  -0.15  -0.11  
Water Temperature 0.25  0.11  -0.11  0.95  
 
The first factor highlights a positive correlation among Ca +2 , Mg +2 , K + , SiO2 and a 
negative correlation with flow rate and explains 34% of the total variance. The second 
factor reveals a correlation among NO3 − , DOC and NH4 + . NO3 −  and NH4 +  are nutrient 
compounds, they come from either nutrient cycling or fertilizer application. As Ipswich 
River’s dominant land types are forested and urban land, both sources are possible. This 
factor explains 26% of the original variance. The third factor highlights Na +  and Cl − . 
This factor is responsible for 12% of the original variance. The last factor regarding 
Ipswich River emphasizes the importance of water temperature. It explains the remaining 
10% of the total variance. 
(4) Kennebec River 
The Kennebec River is the only river that is located in Maine. Because it is located in 
southern Maine, and the dominant land use around it is forested land use, the overall 
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characteristics about its water quality are different from the other eight rivers. The 
statistical results and factor loadings are shown as follows: 
Factor 1: Ca +2 , Mg +2 , Na + , Cl − , SO4 −2  and flow rate; 
Factor 2: SiO2, NO3 − , and water temperature; 
Factor 3: SO4 −2  and P; 
Factor 4: K +  and flow rate. 
 
                          Table 10: Results of Multivariate Results-Kennebec River 
                                                     10-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.41  0.13  -0.02  0.04  
Mg -0.41  0.14  -0.03  0.03  
K -0.03  -0.42  0.35  0.15  
Na -0.43  -0.06  0.06  -0.08  
Cl -0.30  0.22  -0.04  -0.04  
SiO2 0.12  0.48  0.29  -0.22  
SO4 -0.40  -0.06  0.22  -0.11  
NO3 -0.10  0.44  0.23  0.28  
P -0.23  -0.16  0.40  0.31  
DOC -0.04  -0.17  0.14  -0.82  
NH4 -0.01  -0.13  0.53  -0.13  
Flow Rate 0.35  -0.06  0.40  0.17  
Water Temperature -0.16  -0.48  -0.26  0.13  
Cumulative Variation 
(%) 35.41  57.95  70.01  78.58  
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                                                   10-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.78  0.00  0.08  -0.08  
Mg 0.76  0.00  0.10  -0.16  
K -0.02  -0.41  0.39  0.68  
Na 0.92  -0.15  0.29  0.11  
Cl 0.86  0.23  -0.35  0.29  
SiO2 -0.12  0.99  -0.02  -0.05  
SO4 0.74  -0.02  0.66  -0.08  
NO3 0.23  0.58  0.04  -0.11  
P 0.20  -0.21  0.56  0.27  
DOC 0.01  -0.02  0.26  -0.04  
NH4 -0.01  0.03  0.43  0.19  
Flow Rate -0.74  0.21  0.03  0.64  
Water Temperature 0.20  -0.88  0.24  -0.04  
 
The type of correlation of the first factor is similar to that for previously discussed rivers. 
Flow rate is negatively correlated with other major elements. The first factor explains 
35% of the total variance. The second factor highlights the correlations among SiO2, 
NO3 − , and water temperature. The third factor highlights a correlation between SO4 −2  
and P. Both of the two variables are nutrient compounds. This factor explains 12% of the 
total variance. The fourth factor, which is responsible for 8% of the original variance, 
links the K +  and flow rate.  
(5). Merrimack River 
The Merrimack River is a river with 73.8% of forested land surrounding it. Its statistical 
results are shown in Table 11: 
Factor 1: Ca +2 , Mg +2 , K + , Na + , Cl − , SO4 −2 , NO3 − , and flow rate; 
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Factor 2: P and NH4 + ; 
Factor 3: SiO2 and water temperature; 
Factor 4: Na +  and Cl − . 
                     Table 11: Results of Multivariate Results-Merrimack River 
                                                          11-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.37  -0.02  0.12  -0.03  
Mg 0.37  0.03  0.14  0.00  
K 0.35  -0.03  -0.04  -0.06  
Na 0.35  -0.11  0.07  0.25  
Cl 0.33  -0.04  0.16  0.39  
SiO2 -0.05  0.43  0.53  0.02  
SO4 0.35  0.15  -0.05  -0.16  
NO3 0.34  -0.08  -0.03  -0.11  
P 0.11  0.36  -0.54  0.28  
DOC -0.03  0.50  -0.12  -0.56  
NH4 0.17  0.48  -0.30  0.18  
Flow Rate -0.28  0.03  -0.21  0.47  
Water Temperature 0.12  -0.41  -0.47  -0.31  
Cumulative Variation 
(%) 52.35  68.19  82.00  89.32  
 
                          11-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.98  0.09  0.04  0.15  
Mg 0.98  0.13  -0.04  0.13  
K 0.91  0.17  0.23  -0.02  
Na 0.82  0.14  0.10  0.52  
Cl 0.77  0.17  -0.09  0.61  
SiO2 0.04  -0.04  -0.94  -0.23  
SO4 0.86  0.33  0.07  -0.05  
NO3 0.77  0.14  0.23  0.21  
P 0.06  0.95  0.18  -0.06  
DOC -0.04  0.31  -0.17  -0.50  
NH4 0.28  0.84  -0.12  -0.08  
Flow Rate -0.76  0.14  0.03  0.09  
Water Temperature 0.21  0.00  0.83  -0.05  
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In the first factor, flow rate is negatively correlated with most of the major elements. It 
explains over 50% of the total variance. The second factor highlights P and NH4 + , both 
of which are nutrient elements. It explains 16% of the total variance. The third factor 
highlights a negative relationship between SiO2 and water temperature. Because water 
temperature is included in the relationship, this factor is related with evapotranspiration. 
The fourth factor highlights Na +  and Cl − . The last two factors are responsible for 14% 
and 7% of the total variance, respectively. 
(6). Neponset River 
The watershed information in Table 2 shows that the land use surrounding Neponset 
River is 53% of forest and 30% of urbanization. Therefore, the characteristics of chemical 
components and water quality should reflect influences from both types of land use. 
Table 12 shows the statistical results of the original data from Neponset River. Four 
major contributing factors are identified as follows: 
Factor 1: Ca +2 , Mg +2 , Na + , Cl − , and flow rate; 
  Factor 2: Ca +2 , Mg +2 , NO3 − , and water temperature; 
  Factor 3: K + , SiO2 and DOC; 
  Factor 4: P and NH4 + . 
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                    Table 12: Results of Multivariate Results-Neponset River 
                                                     12-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.45  -0.03  0.06  -0.04  
Mg 0.43  0.08  0.06  -0.11  
K 0.30  0.36  -0.15  -0.01  
Na 0.28  -0.43  -0.18  -0.19  
Cl 0.32  -0.38  -0.12  -0.26  
SiO2 0.07  0.41  -0.30  -0.38  
SO4 -0.10  0.14  -0.33  0.08  
NO3 -0.18  -0.19  -0.42  -0.37  
P 0.07  -0.10  -0.47  0.46  
DOC 0.13  0.53  -0.09  0.03  
NH4 0.23  -0.05  -0.45  0.38  
Flow Rate -0.37  -0.08  -0.17  0.21  
Water Temperature 0.28  -0.06  0.29  0.44  
Cumulative Variation 
(%) 35.53  55.05  71.02  82.77  
                                                        
                                                       12-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.75  0.60  0.25  0.09  
Mg 0.68  0.52  0.46  -0.02  
K 0.28  0.29  0.70  0.15  
Na 0.93  -0.11  -0.23  0.25  
Cl 0.96  -0.01  -0.14  0.14  
SiO2 0.00  -0.19  0.77  -0.01  
SO4 -0.21  -0.18  0.30  0.14  
NO3 0.07  -0.67  -0.12  0.13  
P 0.03  -0.09  0.07  0.79  
DOC -0.21  0.27  0.71  0.13  
NH4 0.25  0.12  0.18  0.94  
Flow Rate -0.53  -0.53  -0.37  0.17  
Water Temperature 0.16  0.93  -0.25  0.22  
 
The first factor is a combination of Ca +2 , Mg +2 , Na + , Cl − , and flow rate. The first factor 
explains 36% of the total variance. The second factor displays a relationship between 
certain major elements and water temperature. Water temperature is positively correlated 
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with those major elements and explains approximately 20% of the total variance. The 
third factor highlights a relationship between DOC and K + , SiO2. This factor explains 
16% of the total variance. The last factor highlights a positive relationship between P and 
NH4 +  and explains the remaining 11% of the original variance. 
(7). Saugus River 
The Saugus River is one of the two rivers characterized by high degree of urbanization. 
The river is characterized by 56% of urban land use. Therefore, most of the influence is 
related to anthropogenic activities. The PCA loadings, FA loadings and correlated 
variables with respect to each factor are shown below: 
Factor 1: Ca +2 , Mg +2 , K + , Na + , and Cl − ; 
Factor 2: Ca +2 , K + , SO4 −2 , SiO2, and flow rate; 
Factor 3: NO3 − , NH4 +  and DOC; 
Factor 4: water temperature. 
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                       Table 13: Results of Multivariate Results-Saugus River 
                                                    13-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.41  0.09  -0.02  0.03  
Mg -0.33  0.25  -0.11  -0.18  
K -0.34  0.19  -0.13  0.16  
Na -0.37  -0.06  -0.05  -0.30  
Cl -0.38  -0.01  -0.03  -0.29  
SiO2 -0.35  0.09  -0.14  0.12  
SO4 -0.21  -0.21  -0.24  0.68  
NO3 -0.19  -0.23  0.49  0.31  
P -0.01  0.39  0.53  -0.14  
DOC 0.12  0.46  -0.33  -0.04  
NH4 0.10  0.49  -0.22  0.27  
Flow Rate 0.31  0.01  -0.18  0.02  
Water Temperature -0.01  0.44  0.42  0.31  
Cumulative Variation 
(%) 43.62  62.98  72.62  81.18  
 
             13-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.67  0.71  -0.15  0.13  
Mg 0.75  0.42  0.15  0.25  
K 0.52  0.64  -0.02  0.20  
Na 0.92  0.24  -0.26  -0.12  
Cl 0.93  0.28  -0.22  -0.05  
SiO2 0.43  0.80  0.01  -0.07  
SO4 0.06  0.54  -0.29  -0.14  
NO3 0.20  0.20  -0.60  0.13  
P 0.07  -0.01  0.11  0.47  
DOC -0.03  -0.07  0.83  0.26  
NH4 -0.06  -0.06  0.61  0.37  
Flow Rate -0.40  -0.56  0.30  -0.15  
Water Temperature -0.05  0.06  0.09  0.99  
 
The first factor is a combination of two processes: The relationship between Na +  and 
Cl −  and the relationship between Ca +2 , Mg +2  and K + . The two processes together 
explain 44% of the total variance. The second factor highlights a negative correlation 
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between flow rate and corresponding major elements. It explains 19% of the original 
variance. The third factor shows the relationship among NO3 − , NH4 +  and DOC and 
explains 10% of the original variance. The fourth factor highlights water temperature 
itself, which explains the remaining 9% of the total variance. 
(8). Stillwater River 
The Stillwater River is dominated by forested land use, 76% of its land use is forested. 
Most of the influence on water quality of Stillwater River is expected to be from forested 
activities. Table 14-A and 14-B show the PCA loadings and FA loadings from the 
statistical analysis of original data from Stillwater River. Four major contributing factors 
are identified as follows: 
Factor 1: Na +  and Cl − ; 
Factor 2: Ca +2 , Mg +2 , K + , and water temperature; 
Factor 3: SiO2, P, NH4 + , and flow rate; 
Factor 4: DOC and NH4. 
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                         Table 14: Results of Multivariate Results-Stillwater River 
                                                       14-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.38  0.22  -0.21  -0.02  
Mg -0.40  0.19  -0.08  0.07  
K -0.23  0.32  -0.04  -0.34  
Na -0.36  0.17  0.27  0.22  
Cl -0.39  0.17  0.18  0.18  
SiO2 -0.18  -0.16  0.34  -0.50  
SO4 -0.11  0.14  0.51  0.01  
NO3 -0.20  -0.21  0.23  0.49  
P 0.21  0.40  -0.03  0.23  
DOC 0.22  0.33  0.35  -0.36  
NH4 0.26  0.45  0.23  0.09  
Flow Rate 0.33  0.19  0.11  0.32  
Water Temperature -0.08  0.40  -0.48  -0.05  
Cumulative Variation 
(%) 39.00  56.85  70.08  82.04  
                              
                                                      14-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.36  0.87  -0.23  -0.23  
Mg 0.55  0.74  -0.22  -0.28  
K 0.26  0.53  -0.22  0.18  
Na 0.93  0.28  -0.12  -0.17  
Cl 0.87  0.38  -0.17  -0.22  
SiO2 0.20  0.03  -0.74  0.28  
SO4 0.47  -0.02  -0.07  0.25  
NO3 0.44  -0.13  -0.03  -0.52  
P -0.09  0.07  0.70  0.22  
DOC 0.00  -0.12  0.17  0.98  
NH4 0.05  -0.06  0.71  0.63  
Flow Rate -0.12  -0.34  0.72  0.22  
Water Temperature -0.16  0.75  0.24  0.06  
 
The first factor explains 39% of the total variance. The second factor highlights a 
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correlation among Ca +2 , Mg +2 , K + , and water temperature, explaining 27% of the total 
variance. The third factor includes flow rate as part of the relationship. This factor is 
responsible for 13% of the total variance. The last factor explains the remaining 12% of 
variance. It highlights a correlation between DOC and NH4 + .  
(9). Wading River 
Similar to the Stillwater River, the Wading River is characterized by forested land use 
(63.5%). Table 15-A and 15-B show the PCA loadings and FA loadings from the 
statistical analysis of original data from Wading River. Four major contributing factors 
are identified as follows: 
Factor 1: Ca +2 , Mg +2 , K + , Na + , Cl − , and flow rate; 
Factor 2: NO3 − , P, NH4 +  and DOC; 
Factor 3: SiO2, P, and water temperature; 
Factor 4: K +  and SiO2. 
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                         Table 15: Results of Multivariate Results-Wading River 
                                                       15-A: PC loadings 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.43  -0.08  0.05  -0.04  
Mg 0.42  -0.06  0.18  0.03  
K 0.33  -0.17  0.08  0.24  
Na 0.35  0.27  0.06  -0.12  
Cl 0.32  0.31  0.06  -0.22  
SiO2 -0.14  -0.35  0.41  -0.41  
SO4 0.06  -0.32  0.35  0.54  
NO3 -0.14  0.32  -0.17  -0.24  
P 0.01  -0.31  -0.58  -0.03  
DOC -0.01  -0.46  0.05  -0.40  
NH4 0.17  -0.39  -0.31  -0.19  
Flow Rate -0.33  -0.04  -0.16  0.37  
Water Temperature 0.36  -0.03  -0.41  0.16  
Cumulative Variation 
(%) 39.73  63.32  73.12  81.00  
                                 
                                                      15-B: Factor loadings 
Variables F 1 F 2 F 3 F 4 
Ca 0.89  0.31  0.15  0.30  
Mg 0.89  0.23  0.06  0.29  
K 0.54  0.29  0.13  0.51  
Na 0.90  -0.17  0.20  -0.27  
Cl 0.89  -0.24  0.18  -0.33  
SiO2 -0.18  0.17  -0.78  0.22  
SO4 0.05  0.15  -0.17  0.64  
NO3 -0.15  -0.64  0.16  -0.11  
P -0.14  0.52  0.13  0.13  
DOC -0.06  0.79  -0.60  -0.11  
NH4 0.19  0.74  -0.02  0.22  
Flow Rate -0.71  -0.05  -0.02  -0.27  
Water Temperature 0.57  0.50  0.65  0.04  
 
According to Table 15-A and 15-B, the first factor of Wading River highlights the 
relationships among Ca +2 , Mg +2 , K + , Na + , Cl − , and flow rate. This combining factor 
explains 40% of the total variance. The second factor shows a close relationship among 
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NO3 − , P, NH4 +  and DOC, most of which are nutrient compounds. This factor explains 
24% of the total variance. The third factor includes water temperature, explaining 
approximately 10% of the total variance. The last factor highlights K +  and SiO2, which 
explains the remaining 8%, is not a traditional relationship. The combination of K +  and 
SiO2 may come from the underlying contributing factor of chemical weathering of 
bedrock. 
 
 
 
Chapter 6: DISCUSSION OF STATISTICAL VARIATIONS 
    
Results from binary analysis and multivariate analysis provided a complete picture of the 
correlations among different types of chemical components in surface streams and rivers. 
Based on the preliminary results from original data set, two pairs of elements are highly 
correlated to each other in eight of the nine rivers: Na-Cl and Ca-Mg. Except for these 
two pairs, relationships among other minor elements, or relationships between minor 
elements and major elements can only be detected by multivariate analysis. These pieces 
of information, both binary correlations and multivariate correlations, portray a picture of 
a system in which the variability of elements can be explained by different processes.  
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6-1 Binary Analysis  
Four elements from original data set exhibited higher concentrations than all the other 
elements. They are Na + , Cl − , Ca +2 , and Mg +2 . High concentrations of these elements 
imply that there are prevailing sources loading those elements into surface rivers. These 
common binary correlations are indicators of those factors identified to be the prevailing 
factors for all the individual rivers. However, certain rivers displayed correlations 
different from those of other rivers. The discrepancies showed us the potential facts have 
distinctive factors that load elements uniquely in those rivers. Therefore, common and 
unique combinations of major elements are evidences that are used to determine part of 
the obvious contributing factors. 
In order to find out the elements exhibiting strong correlations in surface rivers, four 
rivers representing different degree of urbanization are chosen, they are Aberjona River, 
Merrimack River, Stillwater River, and Kennebec River with declining degrees of 
urbanization, respectively. Figures 14 to 17 indicate binary relationship between each pair 
of major chemical elements of the four rivers. A significant finding is that Na +  and Cl − , 
and Mg +2  and Ca +2  are showing close relationships in all the four rivers. This finding 
indicates a fact that the relationship between Na +  and Cl − , and Mg +2  and Ca +2  are 
not dependent on the variations of land use. 
Histograms across the diagonal reflect the sample distribution frequency of each 
individual pair. These histograms come with running the MATLAB program which 
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displays the characteristics of sample distribution. 
 
Figure 14: Scatter plot of variables for Aberjona River 
 
Figure 15: Scatter plot of variables for Merrimack River 
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Figure 16: Scatter plot of variables for Stillwater River 
 
Figure 17: Scatter plot of variables for Kennebec River 
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6.1.1 Sodium and Chloride 
Na-Cl relationship is one of the most important relationships in my study. Na +  and 
Cl − are elements that are directly related to road deicers (Godwin, Hafner, and Buff, 
2003). Of all the nine rivers, eight rivers exhibit high concentrations of Na +  and Cl − , 
especially the Aberjona and Saugus Rivers. Both rivers are characterized by dense 
populated areas. The Kennebec River is the only river showing relatively low 
concentrations of Na +  and Cl −  because according to the geological and hydrochemical 
characteristics of watershed (Table 1), it is in rural area with low density of population 
and roads. The differences are reflected in Figure 9 and Table 16. 
 
Table 16: Parameters of linear regressions of Na-Cl for nine rivers 
Rivers Intercept(mg/L) Slope R 2  
Aberjona 1.088 1.804 0.98 
Charles 0.293 1.781 0.97 
Ipswich 0.469 1.814 0.96 
Merrimack 1.29 1.534 0.93 
Neponset -0.377 1.774 0.92 
Saugus -6.687 1.997 0.97 
Stillwater 0.781 1.673 0.96 
Wading -4.645 1.870 0.95 
    
Minimum -6.687 1.534 0.92 
Maximum 1.29 1.997 0.98 
Average -0.974 1.781 0.96 
    
Kennebec 2.42 0.455 0.48 
Theoretical ratio of Cl to Na:          1.543 
 
Some interesting points are revealed in Table 16. If we look at the R 2 value, it varies from 
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0.92 to 0.98, which is an indicator that the relationship between Na +  and Cl − in all rivers 
(except Kennebec River) are very well correlated. Excluding the Saugus and Wading 
Rivers, other rivers show intercepts ranging from -0.377 mg/L to 1.29 mg/L, very close to 
the origin. The small range of the intercepts around the origin reveals us the fact that the 
source of Na +  and Cl −  in surface rivers comes solely from sodium chloride. There is no 
other source being able to inject large amount of Na +  or Cl −  into the rivers. As for 
Saugus River, Merrimack River, and Kennebec River, we can conclude that there should 
be other sources for the excessive amount of Na +  or Cl − . 
The value of the slopes associated with each river ranges from 1.534 to 1.997. Compare 
them with the stoichiometric ratio of Cl −  to Na + , 1.543, we can conclude that almost 
every river have the ratio higher than the stoichiometric value. If we focus only on rivers 
located in Massachusetts, we discovered that the ratios are even larger than the average 
value for the whole eastern New England (Ipswich River and Stillwater River are 
excluded from Table 16 because the majority of the two rivers are outside of 
Massachusetts) (Table 19). 
By comparing the average ratio from Massachusetts rivers (1.84) and the stoichiometric 
ratio of Cl −  to Na +  (1.543), we reach the conclusion that something must have occurred 
to cause the actual ratio 19% greater than theoretical ratio. There are two ways to increase 
the ration: enlarging the numerator or diminishing the denominator. As we will discuss in 
the following section, Na +  depletion by cation exchange is a common factor existing 
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everywhere. In addition, the maximum amount of Na +  that has been exchanged in soil 
accounts for only 5% of the total amount of Na + . Thus, Na +  depletion cannot explain the 
19% increase over the theoretical ratio. Cl −  increase is a more reasonable explanation of 
discrepancy, considering that the sampling rivers are all from Massachusetts. The fact 
regarding road salt deicer in Massachusetts beyond what we have discussed is that a fair 
amount of road salt deicer is in the form of calcium chloride and magnesium chloride, 
because they are more efficient in removing ice and more costly, they are used primarily 
in residential areas. Previous work has demonstrated that the calcium chloride as a partial 
substitute for sodium chloride on state maintained roads has been in use since 1986 
(Waldron and Bent, 2001). In East Central Massachusetts, application of salt for deicing 
in a set of representative communities in suburban Boston composes 5% of CaCl2 by 
weight (Huling and Hollocher, 1972). Therefore, as for the composition of road salt, the 
majority of it is sodium chloride, and the other portion is calcium chloride and 
magnesium chloride. The additional source of Cl −  is able to explain much of the 19% 
discrepancy. Table 17 and 18 show the percentage of calcium chloride and magnesium 
chloride in the total amount of road salt used and the corresponding ratio of Cl −  to Na + . 
Table 17: Percentage (Weight) of CaCl2 and corresponding ratio of Cl −  to Na +  
Atomic Weight %(CaCl2) 0 2 4 6 8 10 
Na: 22.990 Cl:Na 1.542 1.575 1.610 1.646 1.683 1.723 
Cl: 35.453 %(CaCl2) 12 14 16 18 20 22 
Ca: 40.078 Cl:Na 1.764 1.806 1.851 1.899 1.948 2.000 
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       Table 18: Percentage (Weight) of MgCl2 and corresponding ratio of Cl −  to Na +  
Atomic Weight %(MgCl2) 0 2 4 6 8 10 
Na: 22.990 Cl:Na 1.542 1.581 1.621 1.663 1.707 1.752 
Cl: 35.453 %(MgCl2) 12 14 16 18 20 22 
Mg: 24.310 Cl:Na 1.800 1.850 1.903 1.958 2.015 2.076 
 
Table 19: Ratios of Cl − to Na +  for rivers located in Massachusetts 
Rivers Slope %(CaCl2) %(MgCl2) 
Aberjona 1.804 14 12 
Charles 1.781 13 11 
Ipswich 1.814 14 12 
Neponset 1.774 12 11 
Saugus 1.997 22 20 
Wading 1.87 17 15 
      
Average 1.84 15 13 
 
Based on the results from Table 19, 15% of pure CaCl2 or 13% of pure MgCl2 is enough 
to make the ratio of Cl −  to Na +  approximately equal to 1.84, the average ratio for the 
rivers in Massachusetts. This result matched well with ratio of Cl −  to Na +  directly from 
highway melting ice water within Massachusetts (value of 1.81) demonstrated by 
Waldron and Bent’s work (Waldron and Bent2001). However, if compared to the road salt 
used 12 years ago, the percentage of calcium chloride and magnesium chloride has 
decreased from a minimum percentage of 20% (Granato, 1996) to roughly 15% today. 
Thus, we can conclude that either the road salt with the percentage somewhere between 
13% and 15% of a mixture of calcium chloride or magnesium chloride is used in 
Massachusetts which has made the ratio of Cl −  to Na +  in Mass surface rivers around 
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1.840. 
 
6.1.1.1 Cation Exchange Capacity 
A significant phenomenon discovered in the plot of Na +  against Cl −  is that the 
stoichiometric ratio of Na +  to Cl −  does not equal 1.543, meaning that its molar ratio does 
not equal 1. Instead, the actual ratio fluctuates in a small range around one. A plot made 
for Aberjona River (Figure 18) and Saugus River (Figure 19) show that the molecular 
ratio of Na +  against Cl −  is 0.87 for Aberjona River, and 0.80 for Stillwater River. These 
ratios are evidences for Na + depletion in surface rivers. The underlying factor for Na +  
depletion is called cation exchange. Cation exchange is usually used in soil analysis to 
indicate its capacity to hold cations. Cations that originally resided in the soil may be 
displaced by new cations which have stronger ability to stay. The most abundant 
exchangeable cations in the soil are calcium (Ca2+), magnesium (Mg2+), potassium (K+), 
sodium (Na+) and aluminum (Al3+). As NaCl percolates into the soil, Na+ starts 
exchanging with other types of cations (Ca2+, Mg2+, K+, and Al3+) that already exist in 
there. Compared to other major cations in the soil, Na+ is more immobile so that it is 
more likely to replace those mobile ions. On the other hand, chloride (Cl − ) is chemically 
mobile, it is almost not retained in the soil. That is why the molecular ratio of Na+ to Cl −  
is 15% to 20% less than one. 
Two other lines are drawn with the ratio of Na+ to Cl −  in the same plot in order to explore 
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the patterns of cation exchange. Three major elements Ca2+, Mg2+, and K+ are taken into 
consideration with Na+ as a cation cluster. One line in the two plots represents a ratio of 
Na+ + Ca2+ + Mg2+ + K+ to Cl − , the other one represents the ratio of Na+ + 2Ca2+ + 2Mg2+ 
+ K+ to Cl − . These two lines represent two different cation exchange patterns, 
respectively. The first pattern of cation exchange can be thought of as site exchange, 
meaning that one molecule of Na+ replaces one molecule of Ca2+, Mg2+, or K+. Charge 
balance is not considered. The other pattern is charge balance exchange. This pattern 
highlights the point that charge is the primary consideration for this pattern. This requires 
a balance between two molecules of Na+ and one molecule of Ca2+ or Mg2+. As shown in 
Figure 18, the line representing site balance for Aberjona River has a slope of 0.96, while 
the perfect ratio of one tells us the fact that the dominant type of cation exchange in the 
soil around Saugus River is site exchange. 
 
Figure 18: Plot between Cl −  and cations for Aberjona River 
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                    Figure 19: Plot between Cl −  and cations for Saugus River 
 
6.1.1.2 Na and Cl in Contaminated Water and Uncontaminated Water 
The close relationship between Na+ and Cl −  are shown in Figure 9, in which all rivers, 
except Kennebec River, display linear relationships. Specifically, the Aberjona and 
Saugus Rivers, which are representatives of rivers for populated areas, show R 2  values 
of 0.95 and 0.98, respectively (Figure 18 and 19). This close relationship reveals that the 
Na+ and Cl −  come from a source in the form of NaCl. In my research, the sole source 
associated with that close relationship is road salt application. From this point of view, 
road salt does exert great influence on eight of the nine rivers.  
If we focus on the eight rivers, we can find some relationships between the high 
concentrations of Na+ and Cl −  and the watershed background. As stated above, the 
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largest amount of NaCl contaminating the surface rivers in urban area is from road salt 
application. States in the northeastern quarter of United States receive the greatest 
amounts of NaCl at between 545 to 23,716 kg/km 2 /year (Panno et al., 2005). Geological 
background (Table 1) and land use information (Table 2) reflect that the land for urban 
use is high around most of the rivers. The population residing around those rivers is over 
62 inhabitants per square kilometer. Therefore, the concentrations of Na +  and Cl −  in the 
eight rivers are high enough to distinguish themselves from uncontaminated rivers such 
as Kennebec River. Statistical results indicate that road salt application ranks among the 
top three the most significant factors. Take Saugus River as an example, road salt 
application explains 44% of the total variance (Table 13).  
As for Kennebec River, it is located in north central Maine with different watershed 
characteristics from the others. The Kennebec River has the largest discharge area of all 
rivers which is up to 14,557 square kilometers. It is nearly a hundred times larger than 
most of other rivers. In addition, its population density is far smaller than that of other 
watersheds, which is 26 per square mile (Table 1). Land use information shows that the 
primary land use of Kennebec River watershed is forested land, which takes up to 80% of 
the total land (Table 2). All those evidences reflect one factor: the Kennebec River is in a 
rural area with very few people living around. From these pieces of information, we 
could make a further conclusion that Kennebec River receives little road salt from nearby 
highways or local roads, although the annual amount of snowfall is over 254 centimeters, 
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up to 285 centimeters.  
The plot of Na+ and Cl −  for Kennebec River (Figure 10) brings detailed information of 
Na+ and Cl −  pattern in that river. The data are scattered in the space and the regression 
line drawn in accordance with those records has a slope of 0.3, far less than 1, even cation 
exchange cannot account for such a large variation. We could therefore conclude that the 
influence from road salt application is not significant for Kennebec River.    
By comparing the difference of Na-Cl relationship between high NaCl concentrated 
rivers and low NaCl concentrated rivers, we can draw a conclusion that road salt 
application is the first contributing factor causing the difference. Thinking more deeply, 
the amount of road salt used is associated with the degree of urbanization, which 
indirectly is associated with road density. Eight rivers in Eastern Massachusetts are 
considered in urban areas with high density of roads display high concentrations of Na +  
and Cl −  as well as their close relationships. However, Kennebec River is located in a 
rural area in Maine so it receives little NaCl from road salt and therefore, its relationship 
between Na +  and Cl −  is not strong. 
 
6.1.1.3 Seasonal Variation of Na +  and Cl −  
The concentrations of Na + and Cl −  in surface rivers vary during different times of the 
year according to Figure 20 and 21. The two plots are indicators that Na + and Cl −  display 
regularly seasonal change. 
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The Aberjona and Stillwater Rivers are two examples to explore the underlying seasonal 
factors affecting the concentrations of Na + and Cl − . The reason for choosing these two 
rivers is that the Aberjona River represents urban area, while Stillwater River represents a 
less urbanized area. Figures 20 and 21 show concentrations of Na + and Cl −  as well as 
stream flow rate versus time for the period from October 1998 to November 2001. Data 
sets are standardized in order to unify the units (see section 4-1). A couple of distinctive 
characteristics are found in the figures. The concentrations of Na + and Cl −  vary inversely 
with stream flow rate, which could be attributed to the fact that the majority of Na + and 
Cl −  flow into nearest rivers with overland flow. Therefore, the rate of overland flow has 
a determinant influence on the concentrations of Na + and Cl −  in surface rivers. An 
unexpected high value of Na + and Cl −  appeared around April 2001 in the Aberjona River 
could be related to an abnormally large amount of precipitation that carried more than 
normal road salt into the river in a short period of time. The following two peak values 
correspond to April 1999 and 2000. This is about a month after precipitated snow melts. 
The road salt applied in winter moves with the melting snow to streams or rivers nearby. 
Another phenomenon about the Na + and Cl −  is their high concentrations in summer time. 
Road salt is not used in summer. Hence, it is not a source being able to explain their 
existence during the summer season. The only source loading that large amount of NaCl 
to the surface rivers is groundwater discharge. Groundwater is characterized by slow rate. 
Ions that come into groundwater are likely to accumulate in groundwater. Groundwater 
                                                                                           
65
 
Figure 20: Seasonal change of concentrations of Cl − , Na + and flow rate for 
Aberjona River 
 
 
Figure 21: Seasonal change of concentrations of Cl − , Na + and flow rate for 
Stillwater River 
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today in the New England area is contaminated by road salt application. Application of 
road salt has made Na + and Cl −  at a high concentration level in groundwater. 
Groundwater discharge is a major source making up the loss of surface water from 
evapotranspiration and the lack of precipitation in the summer season. Therefore, 
Na + and Cl −  from groundwater make up the concentrations in summer, although not as 
high as from road salt from overland flow in winter. The same trend is also shown in 
Figure 21 for Stillwater River. The trend from urban to rural area explains the fact that 
road salt with overland flow, and from groundwater discharge are responsible for the 
concentrations of Na + and Cl −  in winter season and summer season, respectively. 
 
6.1.1.4 Stream Flow’s Effect on Na and Cl 
Generally speaking, stream flow rate is inversely correlated with dissolved elements. 
Dilution of water chemical components by overland flow is a common factor to modify 
the concentrations of variables. This factor is reflected in Tables 7 to 15 from statistical 
results. Seen from plots between PC 1 and PC 2, and PC1 and PC3, we found that the 
factor “flow rate” is almost always negatively related to other major variables (Tables 7 
to 15). This is a consequence overland flow’s influence on water quality. It has the similar 
influence on Na +  and Cl −  as it has on other minor elements. 
To explore the effect of flow rate on the concentrations of dissolved elements, we 
subdivide the data table from urban land use into two subgroups: high – flow rate data 
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sets and low – flow rate data sets. The median value for urban data group is 0.48 cubic 
meters per second. As can be seen from the statistical results (Appendix: Tables B-17 to 
B-20), all results are tied to three factors which together explain over 80% of the total 
variance. The first factor regarding high – flow rate exhibits close correlations among 
Ca +2 , K + , SO4 −2 , and flow rate. This type of correlation, undoubtedly, is caused by 
dilution by overland flow. As we look at its counterpart, the first factor from low – flow 
rate, the parameter “flow rate” is no longer correlated to Ca +2 , K + , SO4 −2 , which 
therefore cannot be explained as caused by dilution by overland flow. We also see the 
same trend in statistical tables. By comparing the two statistical tables (Appendix: Tables 
B-18 to B-20), we discover that each individual factor from both tables highlight 
relationships among similar variables. The main difference is that the values for overland 
flow are different. In high – flow rate cases, the correlation value for overland flow is -
0.47, which is above 0.40, an arbitrary dividing line which separates all variables into 
related group or non – related group. However, the value for overland flow is just -0.33 in 
low – flow rate pattern. In this case, the influence of dilution by overland flow is not 
considered strong enough to modify the concentrations of other major variables in 
streams. Therefore, the explanations for the first factor differ greatly, and the 
corresponding variance explained by them is different too. Dilution by overland flow, as 
the first factor from high – flow rate group, explains 49% of the total variance, compared 
to 14% explained by the same reason from low – flow rate group. 
                                                                                           
68
6.1.2 Calcium and Magnesium 
Except for Na + and Cl − , Ca +2  is the most abundant element in most of the surface rivers. 
Boxplots of the nine rivers (Appendix: Figures A-1 to A-9) show that Ca +2  has a fairly 
wide concentration span. Another characteristic regarding Ca +2  and Mg +2  comes from 
Figure 11, which shows that Ca +2  and Mg +2  from all rivers display linear relationships. 
This common characteristic reflects the fact that some common factors control the source 
of Ca +2  and Mg +2  that releases them into surface rivers. Two possible sources include: 
chemical weathering of bedrock and road salt application. In most cases, CaCl2 from road 
salt is considered a minor source compared to that from chemical weathering. The major 
elements released from chemical weathering of bedrock in New England include Ca +2 , 
Mg +2 , K + , and SiO2 (see section 7-2). Among those elements above, Ca +2  and Mg +2  are 
closely related in each of the surface rivers. By analyzing the plots between principal 
components for each river, we discover that Ca +2 and Mg +2  are closely correlated to each 
other, solid lines representing Ca +2  and Mg +2  extend towards similar direction with 
identical lengths, which in statistics means Ca +2  and Mg +2  display similar type of 
distribution and therefore, they are statistically correlated. Moreover, Ca +2  and Mg +2  
totally overlap in the plots for Charles River (Figure A-20a), Kennebec River (Figure A-
22), and Neponset River (Figure A-24b).  
However, although Ca +2  and Mg +2  are statistically highly correlated, their actual 
concentrations detected in rivers differ greatly. Ca +2  is the most abundant element 
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following Na + and Cl − , but the concentration of Mg +2  is much lower (Appendix: Figures 
A-1 to A-9). Together with these pieces of information, we could conclude that Ca +2  and 
Mg +2  come from identical sources with a fixed ratio of Ca +2  to Mg +2 . Possible sources 
of Ca +2  and Mg +2  include chemical weathering of bedrock, nutrient cycling, and 
fertilizer application. Chemical weathering is the dominant factor. Ca +2  released from 
bedrock is predominantly from plagioclase, and Mg +2  is mainly from biotite. Plagioclase 
is by far more abundant than biotite in bedrock so that the amount of Ca +2  released is 
more than that of Mg +2 . This answers the question that the value range of Ca +2  in 
boxplot is much wider than of that of Mg +2 . On the other hand, these two minerals 
dominating the bedrocks over the New England area are well mixed and equally 
decomposed by chemical weathering so that Ca +2  and Mg +2  from chemical weathering 
of those two minerals are highly correlated. This is why Ca +2  and Mg +2 , although not 
equally concentrated, are closely correlated to each other. 
Another important phenomenon discovered from Figure 11 is that the concentrations of 
Ca +2  and Mg +2  as well as their slope for Saugus River are obviously higher than those 
from other eight rivers. The slopes, intercepts and R2 values for linear regressions of Ca 
vs. Mg for the nine rivers are summarized in Figure 11 and Table 20:  
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Table 20: Parameters of linear regressions of Ca-Mg for nine rivers 
Rivers Intercept(mg/L) Slope R square 
Aberjona 0.008 0.17 0.96 
Charles 0.095 0.22 0.98 
Ipswich 0.12 0.21 0.91 
Kennebec 0.19 0.17 0.85 
Merrimack 0.056 0.19 0.97 
Neponset 0.044 0.28 0.88 
Stillwater 0.07 0.17 0.93 
Wading 0.056 0.23 0.91 
    
Minimum 0.008 0.17 0.85 
Maximum 0.19 0.28 0.98 
Average 0.080  0.205 0.92  
    
Saugus 0.35 0.33 0.66 
 
R 2  values for eight rivers are very high, ranging from 0.85 to 0.98, indicating that Ca and 
Mg are highly correlated in all rivers (except Saugus River). 
The value of intercept ranges from 0.008 mg/L to 0.19 mg/L with an average of 0.08 
mg/L. Therefore, we can safely conclude that the intercepts for all rivers are close to zero. 
As discussed before, an intercept close to zero could be interpreted that Ca +2  and Mg +2  
come from similar sources. 
The slopes of the linear regressions range from 0.17 to 0.28 with seven rivers displaying 
a slope ranging from 0.17 to 0.23. The Neponset River shows a slope of 0.28 which is 
statistically different from the normal range (0.17-0.23). Like other rivers in 
Massachusetts (except the Saugus River), the Neponset River is inland, so sea spray 
exerts similar influence on all rivers. Moreover, we did not find any source that could 
apparently change the concentration of Mg +2  or Ca +2  from a two-dimensional 
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perspective. This question was left for multivariate analysis in the coming chapter. 
Further analysis of Figure 11 and Table 20 reveal two interesting points. One is that the 
range of slope is small (0.17 to 0.23, except the Saugus and Neponset Rivers), suggesting 
the controlling factor behind it may be  self-regulating processes. The small range of 
slopes of seven of the nine rivers implies that the controlling factor cannot be 
anthropogenic activities. Besides it, sea spray exerts almost equal influence on inland 
rivers. Sea spray also cannot be the factor to change the ratios of Mg +2  to Ca +2 . 
Therefore, there may be self-regulating processes, for example, chemical weathering of 
bedrock, or cation exchange, can possibly be the factor to change the ratio, although over 
a small range. The second point we discovered from analysis is the range of 
concentrations. Seven of the nine rivers exhibit a range between 5 mg/L to 15 mg/L. The 
range is controlled by dilution of overland flow and evapotranspiration. Overland flow 
dilutes the rivers so the concentrations of water components decrease. On the other hand, 
evapotranspiration increases the concentrations of water components. In all, self-
regulating processes change the ratio of Mg +2  to Ca +2 , while dilution and 
evapotranspiration change the concentrations of Ca +2  and Mg +2 . 
The Saugus River is different from the other eight rivers. Its intercept and slope are high, 
and R 2  value is low. Statistically speaking, the high intercept value and slope indicate 
that there are additional sources of Mg +2  coming into Saugus River or depletion of Ca +2 . 
Correspondingly, the low R2 value implies Ca and Mg are not from the similar source. 
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Because Ca +2  and Mg +2  are not from similar source, the R 2  value decreases. Figure 22 
compares the trend line for Saugus River to those defined by the other eight rivers. We 
notice that most of the data points are above the range for the other rivers. The excessive 
amount of Mg +2  in the Saugus River implies that there is another source or sources that 
release additional Mg into the river. Based on the geographical information together with 
two-dimensional analysis, we found two possible processes releasing additional amount 
of Mg +2  into Saugus River. 
First, if we look at the site map, we could find that Saugus River situates near the 
 
   Figure 22: Ca-Mg relationship for Saugus River 
Massachusetts Bay, and it connects to the estuary. Therefore, influence from sea water is 
more apparent for Saugus River than for other inland rivers. Statistical data shows that 
the average concentration of magnesium of sea water is 1290 mg/L, and the concentration 
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of calcium is 411 mg/L. We could then calculate the ratio of Mg +2  to Cl −  in seawater is 
3.139. Table 21 shows an average ratio of Mg +2  to Ca +2  of 0.194, which can be viewed 
as a ratio for pure fresh water. With these data on hand, we can calculate the composition 
of Saugus River. 
Table 21: Water composition of Saugus River  
Mg:Cl (pure fresh water) 0.194 
Mg:Cl (pure sea water) 3.139 
Mg:Cl (Saugus River) 0.33 
% fresh water 4.62 
% sea water 95.38 
    
Therefore, if we assume that the excessive amount of Mg comes exclusively from sea 
spray, we can conclude that Saugus River mixed 4.62% of sea water as its water 
composition which makes its Mg +2  to Ca +2  ratio (0.28) situated outside the normal range 
of other seven rivers (0.17 to 0.23).  
Second possible source of Mg +2  is from refractory bricks used for iron production in an 
area near Saugus River call Saugus Iron Works National Historic Site. This site used to be 
a place for iron production, refractory bricks were used in the furnace in order to prevent 
the furnace itself from melting in high temperature. However, the brick was corroded and 
scrapped off and was released as waste to a landfill located near the upstream of the 
Saugus River. Magnesium, a component of the refractory bricks, was gradually released 
into the soil layer and nearby rivers. The sites where USGS collects water samples for 
Saugus River are within the historic sites. This is where additional Mg +2  in Saugus River 
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comes from and possibly one of the reasons why the ratio of Ca +2  to Mg +2  is higher than 
normal. 
 
6-2 Multivariate Results Discussion 
There are eight other variables besides the four most abundant elements discussed above 
that are important to water quality. The complex correlations among the eight minor 
variables as well as the correlations between them and the four major elements cannot be 
shown on two-dimensional coordinate due to their low concentrations. However, 
multivariate analysis is able to achieve the goal of detecting the relationships among a 
variety of variables by numerating the degree of correlation. Tables 7 to 15 shown in 
previous chapter have given us clues regarding how correlations among selected 
variables reflect potential contributing factors. By comparing and analyzing statistical 
results from each river, we concluded that there are seven to eight common factors 
(section 5-3) controlling the chemical components of these rivers. The differences are the 
extent to which these factors influence the individual rivers. Two tables summarize 
results for each river. One shows PC loadings and the major purpose is to determine how 
many factors account for 80% of the total variance. Following this rule, eight of the nine 
rivers extract four factors, Charles River extracts five. The second table, Factor loadings, 
calculates the correlations according the number of factors decided by the PC loadings. 
(1). Aberjona River 
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Four factors explain 84.83% of the total variance. The first factor highlights a close 
combination of Ca +2 , Mg +2 , K + , SiO2, SO4 −2 , NO3 − , and flow rate. Flow rate is 
inversely related to the other variables. This factor reflects a combination of several 
contributing factors which together are diluted by flow rate. Therefore, chemical 
components coming from different sources are gathered together showing the correlations 
under the dilution factor by stream flow. The chemicals, Ca +2 , Mg +2 , and SiO2 mainly 
come from chemical weathering of bedrock. K + , SO4 −2 , NO3 − mainly come from 
fertilizer application, depending on the percentage of land use around Aberjona River. 
Acid rain is another possible source of additional SO4 −2  and NO3 −  to the Aberjona River. 
The first factor representing a combination of chemical weathering of bedrock, fertilizer 
application, acid rain, and dilution by stream flow accounts for 47.72% of the total 
variance. 
The second factor only highlights a very close correlation of Na +  and Cl − . As stated 
above, this correlation is associated to large extent with road salt application. Considering 
Aberjona River is in a populated area, road salt application by itself explains nearly 20% 
of the total variance.  
The third factor highlights a medium-high correlation between SO4 −2  and NH4 + . 
Because both of them are nutrient compounds, and Aberjona River is associated with 
24% of forested land use, we conclude that the third factor, which explains 10% of the 
total variance, is viewed to be caused by nutrient cycling. 
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The fourth factor explains the last 8% of the variance. It only highlights dissolved organic 
carbon (DOC). Because DOC is rich in groundwater, the fourth factor is interpreted as 
groundwater discharge. 
(2).CharlesRiver 
The Charles River extracts five factors which in all explain 83.35% of the total variance. 
The first factor highlights a close correlation among Ca +2 , Mg +2 , Na + , and SiO2, 
indicating that chemical weathering of bedrock is the major factor. Chemical weathering 
of bedrock explains 28% of the total variance. However, chemical weathering is not 
responsible for the large amount of Na +  compared with other elements. There should be 
excessive Na +  coming from another source.  
The second factor highlights a close correlation among SiO2, P, and water temperature. 
As water temperature is the indicator of evapotranspiration, its large index of correlation 
indicates that evapotranspiration is responsible for the second factor, which explains 
nearly 23% of the total variance.  
The third factor highlights the correlation among K + , SO4 −2  and flow rate. As stated 
above, the appearance of flow rate generally means dilution is the major factor that 
dominates the factor. K + , SO4 −2  are nutrient compounds, together with the land use 
information that Charles River is dominated by 53% of forested land use and 7.8% of 
agricultural land use, the source of K + , SO4 −2  could come from nutrient cycling and 
fertilizer application. This combined factor explains 16% of the variance. 
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The fourth factor, however, highlights Na +  and Cl − . No doubt, they come from road salt 
application. This factor interprets only 11% of the variance, indicating that road salt is not 
a major contributing factor to the water quality of the Charles River. 
The fifth factor highlights DOC only. Like the Aberjona River, it is related to 
groundwater discharge. The last factor explains the last 6% of the total variance. 
(3). Ipswich River 
By comparing the factor loading between the Ipswich and Aberjona Rivers, we found 
similarities. The first factor for Ipswich River highlights Ca +2 , Mg +2 , K + , SiO2, and 
flow rate, a combination of factors of dilution, chemical weathering of bedrock and 
nutrient cycling. This combination explains 34% of the total variance, a little less than 
that for Aberjona River.  
The second factor highlights variables of NO3 − , DOC and NH4 + . NO3 −  and NH4 +  are 
nutrient compounds, linking it to land use information, they mainly come from nutrient 
cycling. DOC mainly comes from groundwater discharge. Therefore, the second factor is 
a combination of factors of nutrient cycling and groundwater discharge, which interpret 
25% of the total variance.  
The third factor highlights Na +  and Cl −  associated with road salt application. This factor 
explains 11% of the total variance, indicating that road salt is not a significant factor in 
Ipswich River if compared to its land use. The Ipswich River is associated with 38% of 
urbanized land, indicating that Ipswich River is a medium-populated area. 
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The fourth factor highlights water temperature itself. As seen in Table 9-B, water 
temperature shows a reverse correlation with most of the major elements. This result 
indicates a general factor of evapotranspiration. This general factor explains the last 10% 
of the total variance. 
(4). Kennebec River 
The Kennebec River is located in a rural area with very low density of road and 
population. Therefore, road salt application is not a major factor with this river. The 
factor loading demonstrates our conclusion. The first factor, like the Aberjona and 
Ipswich Rivers, highlights a series of variables of Ca +2 , Mg +2 , K + , SiO2, and flow rate. 
It is a combination of factors including dilution, chemical weathering of bedrock and 
nutrient cycling. This first factor explains 35% of the total variance. 
The second factor highlights SiO2, NO3 − , and water temperature. Because water 
temperature is inversely correlated to other elements, the second factor is 
evapotranspiration. This factor explains 22% of the additional variance.  
The third factor highlights SO4 −2  and P. Considering Kennebec River is in a rural area 
with 80% of forested land use, this factor is related to nutrient cycling.  
The forth factor is interesting. Flow rate is again highly correlated with one more element 
K + , other than any of the elements and compounds showing in the first factor with flow 
rate. In addition, it is positively related with K + . This characteristic probably indicates 
that there is another source of K +  releasing into Kennebec River with stream flow. The 
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last factor explains 8% of the total variance. 
(5). Merrimack River 
The Merrimack River is characterized with 73.8% of forested land use. The first factor 
highlights a variety of variables including Ca +2 , Mg +2 , K + , Na + , Cl − , SO4 −2 , NO3 − , 
and flow rate. Detailed analysis indicates that Ca +2  and Mg +2  come from chemical 
weathering, Na + , Cl −  is related to road salt, K + , SO4 −2 , and NO3 −  are associated with 
nutrient cycling. They are all diluted by stream flow. The combination of factors explains 
over 50% of the total variance.  
The second factor highlights P and NH4 + . They are both nutrient compounds. Together 
with the land use information, the second factor is related to nutrient cycling, which 
interprets 16% of the total variance. 
The third factor highlights SiO2 and water temperature. It is believed that this factor 
corresponds with evapotranspiration because of their inverse relationship. The third factor 
explains 14% of the total variance. 
(6). Neponset River 
The watershed information in Table 2 shows that the Neponset River is characterized 
with 53% of forest, 30% of urbanization. Therefore, the characteristics of chemical 
components and water quality should reflect influence from both land uses.  
The first factor includes variables including Ca +2 , Mg +2 , Na + , Cl − , and flow rate. It is a 
combination of factors including chemical weathering, road salt and dilution. They 
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together explain 35% of the total variance. The second factor highlights water 
temperature with Ca +2 , Mg +2 , NO3 − . As a common explanation, this factor is interpreted 
as evapotranspiration, which solely explains 20% of the total variance. The third factor 
includes K + , SiO2 and DOC. Because DOC is an indicator of groundwater, consequently, 
the third factor is an implication of groundwater discharge. This factor explains 16% of 
the total variance. The last factor highlights two nutrient variables of P and NH4 + . 
Considering that Neponset River is associated with 53% of forest, this contributing factor 
for this combination of variables is better interpreted as nutrient cycling. 
(7). Saugus River 
The first factor for Saugus River highlights Ca +2 , Mg +2 , K + , Na + , and Cl − , which 
explains 44% of the total variance. It is a combination of two contributing factors: 
chemical weathering, which corresponds with Ca +2  and Mg +2 , and road salt application, 
which corresponds with Na + , and Cl − .  
The second factor highlights flow rate and Ca +2 , K + , SO4 −2 , SiO2. Like other rivers, this 
factor is dominated by dilution. The third factor highlights NO3 − , NH4 +  and DOC. This 
factor is associated with groundwater discharge. This factor explains nearly 10% of the 
total variance. The last factor highlights water temperature. It is related to a general factor 
of evapotranspiration. This factor interprets the last 9% of the variation. 
(8). Stillwater River 
The Stillwater River is dominated by forested land use, 76% of its land use is forested. 
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From this point of view, most of the influence on water quality of Stillwater River is from 
forested activities. The first factor highlights Na +  and Cl − , an indicator of road salt 
application. Road salt accounts for 39% of the total variance implies that road salt is 
commonly used in Stillwater River watershed. It also matches the fact that the density of 
road and population is dense around the river. 
The second factor highlights Ca +2 , Mg +2 , K + , and water temperature. As water 
temperature is highlighted in this factor, it can be attributed to evapotranspiration, which 
accounts for 17% of the total variance. The third factor shows a correlation among SiO2, 
P, NH4 + , and flow rate. It is related to dilution and nutrient cycling. This factor is 
responsible for 14% of the total variance. The last factor highlights DOC and NH4 + , 
indicating a factor associated with groundwater discharge. The last factor is responsible 
for the last 8% of the total variance. 
(9). Wading River 
According to Table 15-b, the first factor of Wading River highlights the relationship 
among Ca +2 , Mg +2 , K + , Na + , Cl − , and flow rate. Like other rivers, it is a combination 
of three processes: road salt application responsible for the relationship between Na +  and 
Cl − ; chemical weathering of bedrock responsible for the relationship among Ca +2 , Mg +2  
and K + ; and dilution by overland flow lowering the concentrations of all elements in the 
river and marking a reverse relationship with the parameter flow rate. This combining 
factor explains 40% of the total variance. 
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The second factor shows a close relationship among NO3 − , P, NH4 +  and DOC, most of 
which are nutrient compounds. The explanation for this type of relationship is that the 
nutrient compounds come from groundwater. Therefore, the second factor 24% of the 
total variance. The third factor includes water temperature. It is related to 
evapotranspiration. This factor explains approximately 10% of the total variance. The last 
factor highlights K +  and SiO2 explaining the remaining 8%,. The combination of K +  and 
SiO2 come from the underlying contributing factor of chemical weathering of bedrock. 
 
 
 
Chapter 7: DISCUSSION OF ENVIRONMENTAL FACTORS 
 
The ultimate purpose of the project is to find out the most prominent factors affecting 
water quality in nine watersheds representing a range of land uses and population 
densities. Seven major factors contribute to the water quality variability in my study area: 
salt deicers, dilution by overland flow, evapotranspiraton, chemical weathering of 
bedrock, groundwater discharge, nutrient cycling, and fertilizer application.  
 
7-1 Road Salt  
Road salt is a common chemical deicer being used in areas where snow is common in 
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winter. The influence of road salt on water is that it dissolves in melting snow and then 
flows directly into surface rivers via overland flow, or percolates into soil layers and then 
into the groundwater system, and eventually infiltrates into surface rivers via interflow or 
groundwater discharge. These two major processes are reflected in factor analysis tables. 
Overland flow highlights a close relationship between only Na +  and Cl − , while the 
correlations between Na + , Cl −  and other variables are insignificant. This is so because 
Na +  and Cl −  are the major elements dissolved in melting ice water, which forms 
overland flow draining directly into surface rivers. Accordingly, factors derived from 
factor analysis exhibit large numbers for only Na +  and Cl − . Take Aberjona River as an 
example, the second factor highlights the close relationship between Na +  and Cl − . It is a 
result of overland flow. 
Another type of flow that is able to supply a variety of elements to surface rivers is 
interflow or groundwater discharge. The common characteristic of the two flows is slow 
speed. Hence, elements tend to be mixed as water flows pass through. The mixture effect 
is displayed on the factor analysis table with a relationship among many elements, which 
are no longer dominated by Na +  and Cl − . For example, the first factor loading of 
Kenebec River displays a relationship among Ca +2 , Mg +2 , Na + , and Cl − . From previous 
analysis, they come from two contributing factors: road salt application and chemical 
weathering of bed rock. Their close relationship in one factor conveys the information 
that they arrive into water as if they came from one “contributing factor”. In fact, the one 
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“contributing factor” is a combination of the two prevailing factors, and the factor 
loading highlighting many elements is a reflection of mixture effect of interflow or 
groundwater discharge. 
Except for the flow path, the concentrations of Na +  and Cl −  are subject to seasonal 
change and land use. Each river displayed the influence of road salt application. The 
close relationship between Na +  and Cl −  is found in every river except in Kennebec River, 
Na +  and Cl −  are either combined to each other or to other major elements. The 
difference between them is that for rivers showing distinct relationships between Na +  
and Cl − , road salt is dominantly flowing into rivers via overland flow without many 
additional paths, while Na +  and Cl −  correlating with other major elements explains the 
fact that road salt undergoes other processes on the way to nearby rivers. In this case, 
interflow and groundwater flow play a major role in supplying sodium and chloride to 
surface rivers. Na +  and Cl −  via overland flow as its major pathway are related to the 
Aberjona, Charles, Ipswich, and Stillwater Rivers. On the other hand, the Kennebec, 
Merrimack, Neponset, Saugus, and Wading Rivers have interflow and groundwater flow 
as the major pathways. This difference, to some extent, reflects the weather conditions in 
those areas. In areas where overland flow dominates, such as where the Aberjona and 
Saugus Rivers are located, the temperature tends to be high so that snow melts more 
quickly. In addition, rain is more frequent in those areas to facilitate road salt to dissolve 
in overland flow.  
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The seasonal change of road salt is related to the period of time each year when road salt 
is applied. As for New England, snow accumulates from late December to February. 
Correspondingly, higher concentrations of sodium and chloride are detected in surface 
water later in the winters, when snow melts. For example, in the Aberjona and Stillwater 
Rivers (Figure 21 and 22), the largest concentrations of sodium and chloride are detected 
in late March, which meets our expectation.  
Land use is a factor that is highly related to the level of road salt in rivers in that land use 
is an indicator of population size and road density, which is related to the amount of road 
salt used for the area. From this perspective, land use is important to water quality. 
According to Table 2, for the Aberjona, Saugus, Ipswich, Neponset and Charles Rivers, 
more than 30% of the total land use is urban and if we look at their original data, we did 
find that the concentrations of sodium and chloride in those rivers are higher than those in 
the other four rivers. It demonstrates that degree of urbanization is related to the 
concentration of sodium and chloride in related rivers. 
 
7-2 Chemical Weathering of Bedrock 
Chemical weathering of bedrock is another contributing factor having great influence on 
water quality. Ions released from chemical weathering are dependent on the type of 
bedrock. In terms of the nine rivers, there are two types of bedrock: felsic igneous rocks 
and sedimentary rocks at or above biotite – grade. The dominant minerals are plagioclase 
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and biotite. Ions released when bedrocks are chemically weathered are Ca +2 , Mg +2 , and 
SiO2. Therefore, a combination of these variables could be attributed to the factor of 
chemical weathering. However, chemical weathering as a factor cannot be distinguished 
from a couple of other factors based solely on statistical results. Elements associated with 
chemical weathering, together with other factors, are diluted by overland flow. Therefore, 
they are mixed, which means elements coming from different sources display correlations 
in one factor with overland flow. In factor loading tables Ca +2 , Mg +2 , and SiO2 are often 
correlated with flow rate as well as some of the other elements.  
To better understand chemical weathering, we use binary plots between SiO2 and Ca +2 , 
Mg +2  with the purpose of detecting their relationships. These relationships can be 
considered solely from chemical weathering. Figures 23 to 31 show the relationships 
from each of the nine rivers. The Aberjona and Saugus Rivers display high correlations 
between Ca +2  and SiO2, and Mg +2 and SiO2. However, as for the other seven rivers, the 
correlations are not strong (R 2  is very low). From this point of view, we could draw a 
conclusion that chemical weathering of bedrock is an important factor for the Aberjona 
and Saugus Rivers, and is a minor factor in the other seven rivers. This result matches the 
statistical results except for the Ipswich River. The Aberjona and Saugus Rivers show 
high correlations between SiO2, Ca +2 , and Mg +2 , the Charles River shows moderate 
relationship, and the remaining five rivers display low correlations between SiO2 and 
Ca +2 , and SiO2 and Mg +2 . As for the Ipswich River, the binary plot tells us that SiO2 and 
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Figure 23: Plot between SiO2 and Ca, Mg for Aberjona River 
 
Figure 24: Plot between SiO2 and Ca, Mg for Charles River 
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Figure 25: Plot between SiO2 and Ca, Mg for Ipswich River 
 
Figure 26: Plot between SiO2 and Ca, Mg for Kennebec River 
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            Figure 27: Plot between SiO2 and Ca, Mg for Merrimack River 
 
              Figure 28: Plot between SiO2 and Ca, Mg for Neponset River 
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Figure 29: Plot between SiO2 and Ca, Mg for Saugus River 
 
Figure 30: Plot between SiO2 and Ca, Mg for Stillwater River 
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Figure 31: Plot between SiO2 and Ca, Mg for Wading River 
 
Ca +2 , SiO2 and Mg +2  are very poorly correlated, while statistical results show they are 
correlated. This discrepancy needs further investigation. 
 
7-3 Nutrient Cycling 
Nutrient cycling refers to all the processes by which nutrients are transferred from one 
place to another. It is often active in the area dominated by forest, where biological and 
biochemical activities are active. According to watershed characteristics (Table 2), 
Kennebec River, Stillwater River, Merrimack River, and Wading River are dominated by 
forest. Therefore, if any nutrient elements, as well as their compounds, such as K + , P, 
NH4 + , NO3 − , or even SO4 −2 , exhibit proper relationships in these four rivers, we can 
                                                                                           
92
conclude that they are derived from nutrient cycling. According to the statistical 
correlations, the third factor in the Kennebec River, which shows a partial relationship 
between P and SO4 −2 ; the second factor in the Merrimack River, which displays a close 
correlation between P and NH4 + ; the third factor in the Stillwater River, which also 
shows a close relationship between P and NH4 + ; and the fourth factor in the Wading 
River, which shows a partial relationship between K +  and SO4 −2 , are all considered to be 
caused by nutrient cycling.  
A significant natural process that contributes much to nutrient cycling is called cation 
exchange. Plots of sodium to chloride for the Aberjona River (Figure 18) and the Saugus 
River (Figure 19) show that the molar ratios of Na +  to Cl −  are 0.8 and 0.87, respectively. 
The depletion of Na +  indicates that a portion of Na +  is detained or exchanged with other 
elements when flowing through soil layers. Cation exchange takes place in soil layers 
rich with exchangeable elements such as nutrient elements. It is likely that cation 
exchange is one of the contributors for nutrient elements existing in rivers surrounded by 
forested land. Calcium (Ca2+ ), magnesium (Mg2+), potassium (K+), sodium (Na+), 
aluminum (Al3+), phosphor (P3+) and ammonia (NH4+) are the most abundant 
exchangeable cations in the soil. As NaCl percolates into the soil, Na+ starts exchanging 
with other kinds of cations (Ca2+, Mg2+, K+, Al3+, P3+, and NH4+) that are already existing 
in the soil layer produced by nutrient cycling. Compared with other major cations in the 
soil, Na+ is more immobile and is more likely to replace those mobile ions that retain Na+ 
                                                                                           
93
and release other major ions. On the other hand, chloride (Cl − ) is very mobile, and is not 
retained in the soil. That is why the molecular ratio of Na+ to Cl −  is 15% to 20% less than 
1, and the depletion of Na+ is replaced by major nutrients, such as K+, P3+, and NH4+. 
Cation exchange is a major process that helps nutrients (K+, P3+, and NH4+) reach water 
system. 
In order to examine how cation exchange works, we take two rivers as examples, the 
Aberjona and Saugus Rivers. As seen from Figure 18 and 19, two other lines are drawn 
with the ratio of Na+ to Cl −  in the same plot in order to explore the patterns of cation 
exchange. Three major elements Ca2+, Mg2+, and K+ are taken into consideration with 
Na+ as a cation cluster. One line in the two plots represents a ratio of Na+ + Ca2+ + Mg2+ + 
K+ to Cl − , the other one represents the ratio of Na+ + 2Ca2+ + 2Mg2+ + K+ to Cl − . These 
two lines represent two different cation exchange patterns, respectively. The first pattern 
of cation exchange can be thought of as site exchange, which means one molecule of Na+ 
replaces one molecule of Ca2+, Mg2+, or K+. Charge balance is not considered. The other 
pattern is named charge balance exchange in order to highlight the point that charge is the 
primary consideration for this pattern. This requires a balance between two molecules of 
Na+ and one molecule of Ca2+ or Mg2+. The line representing site balance for Aberjona 
River has a slope of 0.96, while the other line representing charge balance has a slope of 
1.05. Both slopes are close to 1 without much difference, which leads to the conclusion 
that both patterns of cation exchange have equal effect in the soil around Aberjona River. 
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As for the Saugus River, the line that represents site exchange gives a slope of 1.00, while 
the other line gives a slope of 1.18 (Figure 19). The perfect ratio from site exchange 
implies that the dominant type of cation exchange in the soil around Saugus River is site 
exchange. 
 
7-4 Fertilizer Application 
Fertilizer is one of the significant sources of elements K, N, and P. Every type of fertilizer 
contains one or more of these elements. Generally speaking, fertilizer runoff releases 
similar nutrient elements as nutrient cycling does; the difference is that nutrient cycling is 
a natural process, while fertilizer application is an anthropogenic activity. In areas where 
agriculture is applied, fertilizer application could be one of the factors affecting water 
quality by releasing nutrient elements into the rivers. According to Table 2, the study sites 
with agricultural land use include the Stillwater, Merrimack and Charles Rivers. 
Combined with the results from factor analysis, we can conclude that the second and 
third factor in the Charles River, which highlights P, and K +  and SO4 −2 , respectively, are 
attributed to fertilizer application.  
Because both processes (fertilizer application and nutrient cycling) supply nutrient 
elements, it is difficult to distinguish them from statistical results. Nutrients present in the 
rivers could be caused by one of the processes, or both. Therefore, land use information 
of the watershed is critical in differentiating the two processes. Land use with higher 
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percentage of agriculture is likely to have fertilizer as the most important factor loading 
nutrients into rivers. On the other hand, nutrient cycling is considered more important if 
forested land use dominates the area. If an area shows both land uses (agricultural and 
forested), such as the Stillwater and Merrimack Rivers, both processes could be the 
contributing factors. 
 
7-5 Dilution by Overland Flow 
Water quality influenced by dilution is the most important factor found in six of the nine 
rivers. Dilution has a direct impact on the concentrations of ions. They are inversely 
correlated. To some extent, it is the most common factor to the change of concentrations 
of ions. A small change of the amount of water can cause the corresponding change of the 
ions, which is reflected in the results of both principal component analysis and factor 
analysis. The correlation among the variables which is used to identify the “dilution” 
factor is the negative correlations between flow rate and one or more other ions. Usually, 
overland flow corresponds with a combination of multiple factors. This is largely due to 
the fact that overland flow dilutes all elements from a variety of sources and processes. 
Shown in statistics, we observed that overland flow is negatively correlated with most of 
other elements. It comes as the first factor in Aberjona River, Ipswich River, Kennebec 
River, Merrimack River, Neponset River, and Wading River. In the other three rivers, the 
“dilution” factor is listed as the second and the third factor. 
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7-6 Evapotranspiration 
Evapotranspiration exerts influence on water quality the same way the factor “dilution” 
does by modifying the amount of water in surface rivers. The difference between 
evapotranspiration and dilution is that evapotranspiration is directly proportional to the 
concentrations of ions existing in the rivers, the more water that leaves through 
evapotranspiration, the higher the concentrations of ions will be. Water temperature is 
used as an indicator representing evapotranspiration. The relationship is obvious: the 
higher the temperature, the more water that will be evaporated, and therefore, the more 
concentrated the elements are. From the results of factor analysis listed above (Table 7 to 
15), evapotranspiration comes as the second factor in the Charles, Kennebec, Neponset, 
and Stillwater Rivers; the third factor in the Merrimack and Wading Rivers; the fourth 
factor in the Ipswich and Saugus Rivers. The rate of evapotranspiration is dependent on 
surrounding environment, such as the plant type and the temperature. 
Both evapotranspiration and overland flow affect water quality by influencing the amount 
of water. Overland flow is mainly caused by infrequent, episodic precipitation. The 
precipitation lasts for a short period of time, so overland flow often causes change in 
concentrations. However, evapotranspiration is a gradual process. Because high 
temperature is required for this process to happen, it often takes place in summers. Water 
is gradually evaporated or taken up by plant roots, leaving elements more concentrated. 
Therefore, they can be extracted in statistical analysis. 
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7-7 Groundwater Discharge 
Groundwater discharge into surface rivers becomes important in the winter season, when 
precipitation is low in the winter seasons, a large portion of elements present in the 
surface rivers comes from groundwater discharge. Generally speaking, elements in 
surface rivers can also be found in groundwater system. The dissolved organic carbon is 
almost solely from groundwater. Therefore, dissolved organic carbon (DOC) is used to 
represent the process of groundwater discharge. According to my analysis, groundwater 
discharge ranks among the top four contributing factors in the Aberjona, Charles, Ipswich, 
Neponset, Saugus, Stillwater, and Wading Rivers. 
 
7-8 Acid Rain 
Acid rain is commonly used to indicate deposition of acidic components in rain, snow, 
dew, fog, or dry particles. Unpolluted rain has a slightly acidic pH of 5.6, because carbon 
dioxide in the air reacts with water particles to form carbonic acid, a weak acid. However, 
in the New England area, the average rain pH value is between 4.2 to 4.4 (USGS, 1998) 
because of the pollution of precipitation by SO2 and NOx. SO2 and NOx in the air are 
oxidized and hydrolyzed in proper conditions, which acidizes the precipitation. The 
following reactions represent the processes: 
 
2SO2 + O2 + 2H2O ⇌ 2SO4 −2  + 4H + ;                                        (1) 
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4NOx + (5-2x)O2 + 2H2O ⇌ 4NO3 −  + 4H + .                                   (2) 
 
Therefore, the main ions in acid rain are SO4 −2  and NO3 − . Any factors obtained from 
statistical analyses highlighting SO4 −2  or NO3 − or both could be considered as source 
from acid rain. For example, the third factor from Kennebec River, and the fourth factor 
from Wading River, both of which highlight SO4 −2 , could be explained as acid rain. 
 
7-9 Other Sources 
Because of the complexity of the natural water systems, the ions present in rivers may 
have multiple sources other than those listed above. This complexity brings additional 
difficulty in explaining our data. Those sources may be extremely localized and time 
restricted, contributing outliers to the data sets. For example, in the Kennebec River, the 
fourth factor highlights K +  and flow rate. K +  does not show a strong relationship with 
other major elements, this special type of relationship means there may be additional 
sources of K +  that supply K +  into Kennebec River. These sources, however, are not 
clearly explained in my analysis and need further study. 
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Chapter 8: CONCLUSIONS AND SUMMARY 
   
Conclusions 
Based on the statistical results of this research, concentrations of selected major ions and 
field parameters in surface rivers in New England are affected by a variety of natural 
processes and anthropogenic activities. The major natural processes include chemical 
weathering of bedrock, nutrient cycling, and overland flow dilution. Major anthropogenic 
activities include road salt application and fertilizer application. The conclusion is drawn 
based on the analysis of original data from water samples collected by USGS from 
October 1998 to September 2001 (some rivers are from October 1998, to September 
2000). Eight of these nine rivers (the Aberjona, Charles, Ipswich, Merrimack, Neponset, 
Saugus, Stillwater, and Wading Rivers) are located in Massachusetts; The other one 
(Kennebec River) is in Maine. All nine rivers represent a range of urbanization from 1% 
(Kennebec River) to 68% (Aberjona River); a range of forested area from 24% (Aberjona 
River) to 80% (Kennebec River); and a range of agricultural area around or less than 10% 
(Kennebec River, Stillwater River, Charles River, and Merrimack River). Geological and 
environmental characteristics of these eight watersheds in eastern Massachusetts are 
similar to each other. Their water temperature, annual precipitation, and the rate of 
evapotranspiration fluctuate in narrow ranges.  
Data sets from single surface rivers and river groups are analyzed by both binary analysis 
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and multivariate statistical analysis, including principal component analysis and factor 
analysis. Two sets of very strong correlations: Na +  and Cl − , and Ca +2  and Mg +2 , can be 
determined by two-dimensional analysis. Strong Na + - Cl −  and Mg +2 - Ca +2  correlations 
are universal in all nine surface rivers with one exception (Kennebec River). As for the 
Na + - Cl −  relationship, we make several conclusions based on the results. Sodium 
chloride is the dominant source of road salt deicer. Road salt deicer is heavily used 
(Figure 1) in northeastern United States in winter seasons in order to remove ice from the 
surface of highways and residential areas. While sodium chloride is the dominant source 
of road salt, calcium chloride and magnesium chloride are also used in partial substitution 
of sodium chloride because they are more efficient for ice removal. However, they are 
more expensive. Sodium chloride and calcium chloride or magnesium chloride are 
applied in different areas. Sodium chloride is mainly used on highways, while calcium 
chloride or magnesium chloride is largely used in residential areas by individuals. Local 
roads, however, use a combination. Based on the analysis of six rivers located in the 
Boston Metropolitan area, we conclude that the road salt deicers used in Massachusetts 
contain an average 13% to 15% of calcium chloride or magnesium chloride. In addition, 
concentrations of Na +  and Cl −  are closely related to the level of urbanization. This point 
is supported by the relationship between the concentration of Na +  and Cl −  and the level 
of urban land use. For example, the Aberjona and Saugus Rivers, both characterized by 
high urban land use, show the highest concentrations of Na +  and Cl −  and the closest 
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relationship between them. On the other hand, the Kennebec River, with the lowest urban 
land use shows the lowest concentration of Na +  and Cl −  and the poorest relationship 
between them. 
The strong Ca +2 - Mg +2  relationship is another result obtained from binary analysis 
(Figure 11). Like Na +  and Cl − , the close relationship between Ca +2  and Mg +2  is 
universal to all rivers regardless of watershed characteristics. One important conclusion 
regarding Ca +2  and Mg +2  is that its relationship is ruled by self-regulating natural 
processes. As seen in Figure 11, all nine rivers (except the Saugus River) exhibit a highly 
correlated relationship between Ca +2  and Mg +2  regardless of the land use. This is the 
evidence that anthropogenic activities, such as road salt application or fertilizer 
application, do not change the relationship. Moreover, influence from sea water on all 
rivers inland is similar, therefore, sea spray does not change the relationship either. 
Excluding those two factors, we can only conclude the actual controlling factors are self-
regulating natural processes, either chemical weathering of bedrock, or cation exchange, 
or both. They are also the factors controlling the slope of the relationships between Ca +2  
and Mg +2 .  
Additional conclusion we are able to draw from Figure 11 is that all rivers exhibit a range 
of data points between 5 mg/L to 15 mg/L and an almost identical slope (except the 
Saugus and Neponset Rivers). The range of points is controlled by dilution of overland 
flow and evapotranspiration. Overland flow dilutes the rivers so that the concentrations 
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decrease. On the other hand, evapotranspiration condenses the rivers so that the 
concentrations increase. The Aberjona and Saugus Rivers, because of their higher 
concentrations of elements, have higher than normal concentration of Ca +2  and Mg +2  
(20 mg/L to 40 mg/L). 
The Saugus River is an exception for two reasons. One is that it is connected to estuary so 
that influence from sea water is larger than those inland rivers. We have calculated the 
percentage of sea water in the Saugus River. 4.62% of sea water mixed with Saugus 
River clearly shows that sea spray from sea water is a deciding factor that enhances the 
ratio of Mg +2  to Ca +2 . Another possible source that releases additional Mg +2  into the 
Saugus River is the Saugus iron works. As discussed before, Mg +2  released from the old 
refractory bricks into the river can be a possible reason to explain the higher ratio of 
Mg +2  to Ca +2 .  
Results from multivariate statistical analysis indicate that eight major contributing factors 
are responsible for influencing water quality. Among these eight factors, some are 
universal over the nine watersheds; the others are factors that only work in local areas. 
Common factors include road salt application, chemical weathering of bedrocks, overland 
flow dilution, evapotranspiration, and groundwater discharge. Road salt application is a 
major source of contamination to deteriorate both surface rivers and ground water, 
especially in the northeastern United States. High average concentrations of Na +  and Cl −  
in Aberjona River and Saugus River, both of which correspond to large percentage of 
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urban land use, are detected. The average concentrations of Na +  and Cl −  detected in 
Aberjona River are 64 mg/L and 115 mg/L, and their maximal concentrations ever 
recorded reach up to 389 mg/L and 673 mg/L, which by far exceed the EPA regulations 
for Na +  and Cl −  in drinking water. The average concentrations of Na +  and Cl −  detected 
in Saugus River are 56 mg/L and 104 mg/L, while the maximal concentrations are 107 
mg/L and 197 mg/L, respectively. The relationship between Na +  and Cl −  in the other six 
rivers in eastern Massachusetts are also closely correlated, road salt application to some 
rivers is even listed as the most significant factor. All these indicate that road salt 
application is a common and significant contributing factor to water quality of rivers in 
Massachusetts. It is also the only common factor that is caused by anthropogenic 
activities. 
Overland flow dilution and evapotranspiration are two processes affecting water quality 
by injecting or evaporating water. Evapotranspiration itself does not produce any 
chemical component. It modifies the concentrations of elements by evaporating water 
into the atmosphere. Compared to evapotranspiration, overland flow dilution is more 
complex. This process does bring additional components into the rivers while diluting it. 
Most of the road salt applied on highways, local roads and residential areas is brought 
into surface rivers and groundwater system by overland flow. Elements released from 
chemical weathering, such as Ca +2 , Mg +2 , and SiO2, also reach rivers with overland flow. 
Therefore, factors related to overland flow are often shown as combined processes, 
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indicating the corresponding factor can be explained as a combination of two or more 
processes. One example is the Merrimack River. The first factor can be considered as a 
combined influence from overland flow dilution, road salt application as well as chemical 
weathering of bedrocks (Table 11). 
Chemical weathering of bedrocks is another common factor in all the nine rivers. The 
type of bedrock of my study sites is almost universal. The most common minerals within 
the bedrock are plagioclase and biotite. Therefore, Ca +2 , Mg +2 , and SiO2 are elements 
representing chemical weathering of bedrock. Chemical weathering acts either as a single 
process or as a combined process. It works either as a combined process in the Aberjona, 
Ipswich, Kennebec, Merrimack, Neponset, Saugus, and Wading Rivers, or as a single 
factor in the Charles and Stillwater Rivers.  
Groundwater discharge is an important factor providing large amounts of chemical 
components to surface rivers all year long, especially in summer and fall months, when 
there is low precipitation. As discussed above, most of elements on the ground infiltrate 
through bedrock and reach groundwater. Moreover, because the rate of groundwater flow 
is very low, elements are likely to accumulate in the groundwater system. When 
groundwater is discharged back into surface rivers, all those elements enter surface rivers 
too. This process often ranks among the top four most significant factors. It explains a 
total variance from 6% (Charles River) to 24% (Wading River). 
Nutrient cycling is a process only corresponding to rivers with a large percentage of 
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forested land use. This process is characterized by a close correlation among nutrient 
variables, such as K + , P, NO3 − , and NH4 + . As can be seen from statistical results for 
individual rivers, this process is only related to forested – land use rivers. Kennebec River, 
Merrimack River, Neponset River, Stillwater River, and Wading River display nutrient 
cycling as one of the top four factors. The Aberjona River, although considered to be a 
river in urbanized area, accounts for 24% of its land as forested area. Therefore, nutrient 
cycling also accounts for one of the most important factors, which is responsible for 10% 
of the total variance. 
Fertilizer application is a factor related to agricultural land use. The most common 
elements released from fertilizer are similar to those from nutrient cycling. Therefore, the 
type of land use is taken into consideration when we try to distinguish the two processes. 
As stated above, only three rivers, Charles River, Merrimack River and Stillwater River 
show a small percentage of agricultural land use ranging from 7.5% to 10%, the small 
percentage makes the influence of fertilizer application not distinguishable from other 
significant factors. We do not find any evidence to prove that Charles River is greatly 
influenced by fertilizer application. The second factor for the Merrimack River is 
controversial. It highlights the close correlations for P and NH4 + , which can be derived 
from either nutrient cycling or fertilizer application, because the Merrimack River is 
characterized by both forested and agricultural land use. If we assume that the influence 
is positively proportional to the percentage of corresponding land use, the second factor 
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for the Merrimack River should be interpreted as nutrient cycling. Similar explanation 
can be applied to Stillwater River. 
The group of data from the urban land use river group is subdivided into two subgroups 
with respect to overland flow rate in order to detect the influence from flow rate. The 
statistical results show us that the top three contributing factors are greatly affected by 
overland flow. As we can tell from the statistical results, the first factor associated with 
high flow rate is overland flow dilution, while the first factor associated with low flow 
rate is chemical weathering of bedrock. A value of 0.4 cf/s for flow rate is an arbitrarily 
number to differentiate high flow rate to low flow rate.  
Nine rivers, especially the Aberjona and Saugus Rivers, show seasonal variation of 
chemical components. Road salt application, the most significant anthropogenic source of 
Na +  and Cl − , is only applied in winter months. Therefore, rivers in the vicinity of 
highways or local roads receive a large amount of salt in winter months from overland 
flow, and receive less amount in summer months from groundwater discharge and lesser 
in fall months. The statistical results demonstrate our expectation. The first contributing 
factor from winter months is a combined process of road salt application and overland 
flow dilution. The same factor from summer months represents groundwater discharge. 
The same one from fall months is also a combined process of dilution, chemical 
weathering of bedrock, and road salt. Compared with winter months, the correlation 
between Na +  and Cl −  in fall months is much weaker, a result of less contribution of 
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NaCl from groundwater discharge. 
Potential sources of chemical components in groundwater in the northeastern United 
States typically include surface water infiltration and chemical weathering of bedrocks. 
Groundwater is contaminated by Na +  and Cl −  from road salt application with surface 
water infiltration. The largest concentrations ever recorded in groundwater for Na +  and 
Cl −  reach up to 380 mg/L and 730 mg/L, respectively. The records are even larger than 
the largest concentrations recorded in surface rivers. Except for sources from overland 
flow infiltration, chemical weathering is another significant factor for the high 
concentrations of chemical components. Groundwater data corresponding to two types of 
bedrocks (Appendix B-3 and B-7) highlight chemical weathering of bedrocks as their 
most important factors, the other two (Appendix B-5 and B-9) types of groundwater 
highlight road salt infiltration as their most important factors.  
In all, natural water systems are complicated in that various elements or compounds from 
multiple sources enter surface rivers and groundwater so that the concentrations of these 
elements change according to the inputs. By using multivariate statistical analysis, major 
contributing factors interpreting most of the total variance can be determined. However, 
some important factors can not be interpreted appropriately only according to the 
correlations among selected variables. Additional understanding of hydrology and 
hydrogeology of an area and the potential contaminant sources may help identify those 
undetermined factors. 
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Summary 
Data from nine New England rivers were analyzed for both absolute concentrations and 
statistical characteristics. Bivariate analysis and multivariate statistical analysis (PCA and 
FA) are applied to achieve the objective. Significant results include: 
1). Sodium (Na + ) and chloride (Cl − ) are dominant chemical components and are highly 
correlated in eight of the nine rivers (except in Kennebec River). This observation is 
demonstrated by high R squared values, an indicator of the degree of correlation, from Na 
– Cl plot associated with each individual river. 
2). The non-zero of intercept of Na – Cl linear regression indicates that Na is not the only 
ion combing with Cl. Relatively high correlations between magnesium (Mg +2 ) and 
chloride (Cl − ) as well as calcium (Ca +2 ) and chloride (Cl − ) indicate that magnesium 
chloride and calcium chloride are coexistent with sodium chloride. 
3). Ca and Mg are closely correlated with only one exception (Saugus River). Their 
correlation is demonstrated to be caused mainly by chemical weathering of bedrock. The 
second important source is road salt application. 
The three most significant contributing factors influencing almost all rivers are: road salt 
application, nutrient cycling, and chemical weathering of bedrock. As demonstrated in the 
previous chapter, the largest factor is a combination of these individual factors. We name 
it overland flow to describe the mix of individual factors. Quantitatively, overland flow 
with a mix of the top three common factors is listed as the first contributing factor for six 
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out of the nine rivers, explaining from 34.05% to 52.34% of the total variance of 
corresponding rivers. Road salt application alone is usually the second or the third 
contributing factor following overland flow. It accounts for 18% to 30% of the total 
variance. Nutrient cycling is a contributing factor to rivers with forested land use. It 
explains the total variation around 10%. However, more generally, nutrient cycling comes 
with overland flow. Chemical weathering appears to be a single contributing factor, in 
most cases, it comes with overland flow. 
Except common factors, there are also several local/regional contributing factors. These 
factors only affect water quality in limited regions. For example, groundwater discharge 
is one of the regional contributing factors that appear to be among the top four 
contributing factors for only two rivers. It explains about 5% of the total variance. Other 
factors such as acid rain or waste landfill explain even less total variance about 1-2%. 
Due to the complexity of natural water systems, natural processes and anthropogenic 
activities are interacting with one another. Therefore, the extent to which each 
contributing factor can influence water quality is changing accordingly. More related 
work needs to be carried out with the purpose of detecting more accurate relationships 
between potential natural or anthropogenic processes and water quality. 
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Appendix A: 
 
Figure A-1: Boxplot for Aberjona River 
 
Figure A-2: Boxplot for Charles River 
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Figure A-3: Boxplot for Ipswich River 
 
Figure A-4: Boxplot for Kennebec River 
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Figure A-5: Boxplot for Merrimack River 
 
Figure A-6: Boxplot for Neponset River 
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Figure A-7: Boxplot for Saugus River 
 
Figure A-8: Boxplot for Stillwater River 
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Figure A-9: Boxplot for Wading River 
 
Figure A-10: PC loadings of Aberjona River 
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Figure A-11: PC loadings of Charles River 
 
Figure A-12: PC loadings of Ipswich River 
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Figure A-13: PC loadings of Kennebec River 
 
Figure A-14: PC loadings of Merrimack River 
                                                                                           
Appendix A-8
 
Figure A-15: PC loadings of Neponset River 
 
Figure A-16: PC loadings of Saugus River 
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Figure A-17: PC loadings of Stillwater River 
 
Figure A-18: PC loadings of Wading River 
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Figure A-19a: Plot between Principal Component one and two – Aberjona River 
 
Figure A-19b: Plot between Principal Component one and three – Aberjona River 
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Figure A- 20a: Plot between Principal Component one and two – Charles River 
 
Figure A-20b: Plot between Principal Component one and three – Charles River 
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Figure A-21a: Plot between Principal Component one and two – Ipswich River 
 
Figure A-21b: Plot between Principal Component one and three – Ipswich River 
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Figure A-22a: Plot between Principal Component one and two – Kennebec River 
 
Figure A-22b: Plot between Principal Component one and three – Kennebec River 
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Figure A-23a: Plot between Principal Component one and two – Merrimack River 
 
Figure A-23b: Plot between Principal Component one and three – Merrimack River 
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Figure A-24a: Plot between Principal Component one and two – Neponset River 
 
Figure A-24b: Plot between Principal Component one and three – Neponset River 
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Figure A-25a: Plot between Principal Component one and two – Saugus River 
 
Figure A-25b: Plot between Principal Component one and three – Saugus River 
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Figure A-26a: Plot between Principal Component one and two – Stillwater River 
 
Figure A-26b: Plot between Principal Component one and three – Stillwater River 
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Figure A-27a: Plot between Principal Component one and two – Wading River 
 
Figure A-27b: Plot between Principal Component one and three – Wading River 
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Figure A-28: PC loadings between PC 1 and 2 for groundwater (shallow, unconfined 
surficial aquifers) 
 
Figure A-29: PC loadings between PC 1 and 2 for groundwater (variably calcareous 
metasedimentary rocks) 
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Figure A-30: PC loadings between PC 1 and 2 for groundwater (felsic igneous and 
undifferentiated metasedimentary rocks) 
 
Figure A-31: PC loadings between PC 1 and 2 for groundwater (sand and gravel 
aquifers) 
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Figure A-32: PC loadings between PC 1 and 2 for urban land use data group 
 
Figure A-33: PC loadings between PC 1 and 3 for urban land use data group 
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Figure A-34: PC loadings between PC 1 and 2 for forested land use data group 
 
Figure A-35: PC loadings between PC 1 and 3 for urban land use data group 
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Figure A-36: PC loadings between PC 1 and 2 for agricultural land use data group 
 
Figure A-37: PC loadings between PC 1 and 3 for agricultural land use data group 
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Figure A-38: PC loadings between PC 1 and 2 for urban land use data group in the period 
of high flow rate 
 
Figure A-39: PC loadings between PC 1 and 3 for urban land use data group in the period 
of high flow rate 
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Figure A-40: PC loadings between PC 1 and 2 for urban land use data group in the period 
of low flow rate 
 
Figure A-41: PC loadings between PC 1 and 3 for urban land use data group in the period 
of low flow rate 
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Figure A-42: PC loadings between PC 1 and 2 for urban land use data group in winter 
season (Jan – Apr) 
 
Figure A-43: PC loadings between PC 1 and 3 for urban land use data group in winter 
season (Jan – Apr) 
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Figure A-44: PC loadings between PC 1 and 2 for urban land use data group in summer 
season (May – Sept) 
 
Figure A-45: PC loadings between PC 1 and 3 for urban land use data group in summer 
season (May – Sept) 
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Figure A-46: PC loadings between PC 1 and 2 for urban land use data group in fall 
season (Oct – Dec) 
 
Figure A-47: PC loadings between PC 1 and 3 for urban land use data group in fall 
season (Oct – Dec) 
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     Table B-1: PC loadings for original data from Aberjona River 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.10 -0.02 -0.39 0.05 
Mg -0.02 0.00 -0.06 0.02 
K -0.01 0.00 -0.03 -0.02 
Na -0.15 -0.46 -0.07 -0.05 
Cl -0.30 -0.82 0.02 0.11 
SiO2 -0.03 0.00 -0.10 -0.02 
SO4 -0.08 0.04 -0.82 -0.41 
NO3 -0.01 0.00 -0.02 0.00 
P 0.00 0.00 0.00 0.00 
DOC 0.00 0.01 0.00 0.08 
NH4 0.00 0.00 -0.05 -0.09 
Flow Rate 0.93 -0.33 -0.13 0.01 
Water Temperature -0.01 0.10 -0.37 0.89 
Cumulative Variation 
(%) 68.99 97.61 99.08 99.56 
 
                    Table B-2: Factor loadings for original data from Aberjona River 
Variables F 1 F 2 F 3 F 4 
Ca 0.98 0.17 0.05 -0.04 
Mg 0.97 0.20 -0.03 -0.09 
K 0.85 0.15 0.21 0.18 
Na 0.28 0.95 0.00 -0.07 
Cl 0.32 0.94 -0.06 -0.09 
SiO2 0.86 0.06 0.05 -0.07 
SO4 0.74 -0.09 0.66 -0.06 
NO3 0.74 0.03 0.00 -0.03 
P -0.49 -0.36 -0.03 0.47 
DOC 0.05 -0.09 0.00 0.83 
NH4 -0.03 -0.08 0.85 0.01 
Flow Rate -0.76 -0.04 0.01 0.02 
Water Temperature 0.36 -0.55 0.13 0.10 
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Table B-3: PC loadings for groundwater (shallow, unconfined surficial aquifers) 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.40 0.02 -0.12 0.36 
Mg 0.39 -0.06 0.04 0.32 
K 0.35 -0.01 0.65 0.00 
Na 0.39 -0.01 -0.02 -0.60 
Cl 0.40 -0.02 -0.07 -0.51 
SiO2 0.00 0.88 0.33 0.05 
SO4 0.37 -0.26 0.12 0.37 
Bicarbonate 0.32 0.39 -0.66 0.12 
Cumulative Variation 
(%) 67.19 81.80 88.52 93.81 
 
Table B-4: Factor loadings for groundwater (shallow, unconfined surficial aquifers) 
Variables F 1 F 2 F 3 F 4 
Ca 0.79 0.30 0.47 0.00 
Mg 0.79 0.35 0.30 -0.02 
K 0.70 0.40 0.09 0.10 
Na 0.50 0.82 0.27 -0.01 
Cl 0.53 0.78 0.32 -0.03 
SiO2 -0.05 -0.01 0.11 0.91 
SO4 0.81 0.32 0.18 -0.18 
Bicarbonate 0.31 0.28 0.88 0.19 
 
Table B-5: PC loadings for groundwater (calcareous metasedimentary rocks) 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.35 0.44 -0.29 0.13 
Mg 0.32 0.43 0.27 -0.15 
K 0.28 0.03 -0.62 0.53 
Na 0.37 -0.51 0.07 -0.18 
Cl 0.40 -0.41 -0.21 -0.14 
SiO2 -0.08 0.16 -0.55 -0.78 
SO4 0.46 -0.19 0.20 -0.09 
Bicarbonate 0.42 0.37 0.27 -0.11 
Cumulative Variation 
(%) 36.94 62.59 76.77 88.31 
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Table B-6: Factor loadings for groundwater (calcareous metasedimentary rocks) 
Variables F 1 F 2 F 3 F 4 
Ca -0.02 0.73 0.21 0.65 
Mg 0.00 0.34 0.94 0.07 
K 0.22 0.17 0.00 0.54 
Na 0.98 0.04 -0.09 -0.16 
Cl 0.95 -0.05 0.02 0.29 
SiO2 -0.13 -0.07 0.01 0.25 
SO4 0.65 0.37 0.19 -0.14 
Bicarbonate 0.17 0.86 0.46 -0.04 
 
Table B-7: PC loadings for groundwater (felsic igneous and undifferentiated 
metasedimentary rocks) 
 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.50 -0.06 -0.06 0.39 
Mg 0.35 -0.05 -0.61 -0.06 
K 0.30 0.03 0.52 -0.54 
Na 0.18 0.66 0.00 -0.02 
Cl 0.45 0.29 0.20 0.45 
SiO2 0.43 -0.14 0.22 -0.31 
SO4 0.34 -0.38 -0.33 -0.27 
Bicarbonate -0.03 0.55 -0.38 -0.42 
Cumulative Variation 
(%) 34.35 59.40 74.67 86.25 
 
 
Table B-8: Factor loadings for groundwater (felsic igneous and undifferentiated 
metasedimentary rocks) 
 
Variables F 1 F 2 F 3 F 4 
Ca -0.12 0.74 0.50 0.19 
Mg 0.13 0.73 0.12 -0.02 
K 0.01 -0.01 0.15 0.68 
Na 0.78 -0.13 0.60 0.11 
Cl 0.06 0.19 0.95 0.24 
SiO2 -0.07 0.37 0.11 0.66 
SO4 -0.19 0.58 -0.15 0.29 
Bicarbonate 0.99 0.02 -0.08 -0.10 
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Table B-9: PC loadings for groundwater (sand and gravel aquifers) 
 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.44 -0.07 0.32 -0.46 
Mg -0.28 -0.43 -0.18 0.73 
K -0.41 0.30 -0.20 0.06 
Na -0.37 0.43 -0.10 0.13 
Cl -0.38 0.42 -0.10 0.11 
SiO2 -0.22 -0.34 -0.68 -0.48 
SO4 -0.34 -0.20 0.57 -0.03 
Bicarbonate -0.34 -0.45 0.07 0.00 
Cumulative Variation 
(%) 48.17 76.88 87.42 92.76 
 
 
   Table B-10: Factor loadings for groundwater (sand and gravel aquifers) 
 
Variables F 1 F 2 F 3 F 4 
Ca 0.42 0.33 0.36 0.76 
Mg 0.05 0.84 0.24 -0.04 
K 0.86 0.20 0.09 0.13 
Na 0.99 -0.04 0.11 0.08 
Cl 0.99 -0.02 0.08 0.14 
SiO2 0.04 0.57 0.02 0.09 
SO4 0.17 0.29 0.91 0.21 
Bicarbonate -0.01 0.88 0.24 0.41 
 
 
Table B-11: PC loadings for urban land use data group 
 
Variables PC 1 PC 2 PC 3 
Ca -0.43 0.07 -0.26 
Mg -0.32 -0.36 0.35 
K -0.41 -0.06 -0.24 
Na -0.32 0.43 0.40 
Cl -0.33 0.39 0.42 
SiO2 -0.35 -0.37 0.12 
SO4 -0.29 0.10 -0.59 
DOC 0.05 -0.56 0.22 
Flow Rate 0.35 0.24 0.08 
Cumulative Variation 
(%) 50.13 66.74 82.10 
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Table B-12: Factor loadings for urban land use data group 
 
Variables F 1 F 2 F 3 
Ca 0.85 0.34 0.32 
Mg 0.10 0.23 0.88 
K 0.77 0.26 0.37 
Na 0.18 0.97 0.14 
Cl 0.16 0.96 0.22 
SiO2 0.31 0.13 0.80 
SO4 0.91 0.04 -0.02 
DOC -0.19 -0.22 0.25 
Flow Rate -0.48 -0.14 -0.56 
 
 
Table B-13: PC loadings for forested land use data group 
 
Variables PC 1 PC 2 PC 3 PC 4 
Ca -0.40 0.15 -0.13 0.05 
Mg -0.39 0.19 -0.09 0.13 
K -0.33 -0.10 0.00 -0.15 
Na -0.41 0.05 -0.03 -0.11 
Cl -0.40 0.08 -0.01 -0.17 
SiO2 -0.05 0.28 0.60 -0.25 
SO4 -0.24 0.06 0.22 0.28 
NO3 -0.22 -0.34 0.08 -0.47 
P -0.06 -0.61 0.18 0.12 
DOC -0.08 0.11 0.37 0.65 
NH4 -0.25 -0.44 0.28 0.14 
Flow Rate 0.19 -0.34 0.07 0.04 
Water Temperature -0.16 -0.19 -0.55 0.30 
Cumulative Variation 
(%) 39.39 54.91 66.50 76.43 
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Table B-14: Factor loadings for forested land use data group 
 
Variables F 1 F 2 F 3 F 4 
Ca 0.81 0.04 0.17 0.48 
Mg 0.85 -0.01 0.21 0.47 
K 0.52 0.37 -0.05 0.26 
Na 0.94 0.29 0.09 0.08 
Cl 0.96 0.27 0.00 0.02 
SiO2 0.13 0.00 -0.95 0.26 
SO4 0.27 0.17 -0.01 0.54 
NO3 0.30 0.58 0.01 -0.11 
P -0.25 0.80 0.18 0.17 
DOC 0.07 0.03 -0.03 0.43 
NH4 0.22 0.82 0.07 0.23 
Flow Rate -0.41 0.14 0.13 -0.10 
Water Temperature 0.15 0.14 0.55 0.14 
 
 
Table B-15: PC loadings for agricultural land use data group 
 
Variables PC 1 PC 2 PC 3 PC 4 
Ca 0.39 0.08 -0.01 -0.33 
Mg 0.39 0.09 0.03 -0.28 
K 0.34 -0.08 -0.17 0.02 
Na 0.39 0.04 0.02 -0.08 
Cl 0.37 -0.05 -0.10 0.19 
SiO2 0.08 0.50 0.32 -0.45 
SO4 0.35 0.03 0.01 0.15 
NO3 0.21 0.18 0.33 0.66 
P 0.06 -0.53 0.39 -0.09 
NH4 0.28 -0.35 0.29 0.09 
Flow Rate -0.17 -0.20 0.60 -0.21 
Water Temperature 0.07 -0.49 -0.38 -0.23 
Cumulative Variation 
(%) 47.02 65.06 74.98 81.80 
 
 
 
 
 
 
 
 
 
 
                                                                                           
Appendix B-7
Table B-16: Factor loadings for agricultural land use data group 
 
Variables F 1 F 2 F 3 F 4 
Ca 0.90 0.00 0.39 0.18 
Mg 0.92 0.01 0.37 0.12 
K 0.73 0.03 -0.03 0.20 
Na 0.98 0.03 0.07 -0.04 
Cl 0.96 0.00 -0.26 -0.07 
SiO2 0.12 -0.16 0.81 -0.32 
SO4 0.73 0.06 0.06 -0.02 
NO3 0.43 0.04 0.10 -0.28 
P 0.07 0.89 -0.14 0.21 
NH4 0.56 0.60 -0.04 0.14 
Flow Rate -0.35 0.37 0.00 -0.11 
Water Temperature 0.12 0.19 -0.23 0.84 
 
 
Table B-17: PC loadings for urban land use data group in the period of high flow rate 
 
Variables PC1 PC2 PC3 
Ca 0.43 0.09 -0.25 
Mg 0.29 -0.43 0.34 
K 0.40 -0.04 -0.35 
Na 0.35 0.34 0.42 
Cl 0.37 0.31 0.41 
SiO2 0.31 -0.39 0.19 
SO4 0.33 0.15 -0.56 
DOC -0.04 -0.60 -0.05 
Flow Rate -0.32 0.23 0.08 
Cumulative Variation 
(%) 49.33 67.21 80.60 
 
Table B-18: Factor loadings for urban land use data group in the period of high flow rate 
 
Variables F1 F2 F3 
Ca 0.86 0.35 0.28 
Mg 0.15 0.17 0.86 
K 0.83 0.25 0.26 
Na 0.23 0.96 0.15 
Cl 0.26 0.94 0.21 
SiO2 0.25 0.13 0.74 
SO4 0.85 0.12 -0.02 
DOC -0.10 -0.30 0.32 
Flow Rate -0.47 -0.12 -0.47 
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Table B-19: PC loadings for urban land use data group in the period of low flow rate 
 
Variables PC1 PC2 PC3 
Ca 0.41 -0.35 0.08 
Mg 0.28 0.48 -0.16 
K 0.40 -0.25 -0.11 
Na 0.41 0.17 0.47 
Cl 0.40 0.24 0.46 
SiO2 0.32 0.29 -0.44 
SO4 0.20 -0.56 -0.10 
DOC -0.05 0.32 -0.23 
Flow Rate -0.33 0.06 0.52 
Cumulative Variation 
(%) 41.51 66.01 79.76 
 
 
Table B-20: Factor loadings for urban land use data group in the period of low flow rate 
 
Variables F1 F2 F3 
Ca 0.87 0.36 0.19 
Mg -0.30 0.45 0.69 
K 0.69 0.24 0.38 
Na 0.20 0.95 0.17 
Cl 0.09 0.97 0.21 
SiO2 -0.02 0.22 0.81 
SO4 0.91 -0.13 -0.01 
DOC -0.28 -0.03 0.16 
Flow Rate -0.37 -0.04 -0.68 
 
 
Table B-21: PC loadings for urban land use data group in winter season (Jan – Apr) 
 
Variables PC 1 PC 2 PC 3 
Ca 0.42 0.05 -0.32 
Mg 0.19 0.59 0.33 
K 0.40 -0.03 -0.16 
Na 0.33 -0.36 0.46 
Cl 0.35 -0.32 0.45 
SiO2 0.26 0.37 0.35 
SO4 0.40 0.00 -0.39 
DOC -0.29 0.34 0.21 
Flow Rate -0.28 -0.40 0.18 
Cumulative Variation 
(%) 54.78 72.87 83.83 
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Table B-22: Factor loadings for urban land use data group in winter season (Jan – Apr) 
 
Variables F 1 F 2 F 3 
Ca 0.90 0.25 0.34 
Mg 0.14 0.01 0.68 
K 0.82 0.36 0.24 
Na 0.29 0.95 0.08 
Cl 0.31 0.94 0.15 
SiO2 0.11 0.21 0.78 
SO4 0.91 0.23 0.23 
DOC -0.51 -0.38 -0.06 
Flow Rate -0.45 -0.02 -0.62 
 
 
Table B-23: PC loadings for urban land use data group in summer season (May – Sept) 
 
Variables PC 1 PC 2 PC 3 
Ca -0.40 0.24 -0.04 
Mg -0.32 -0.45 0.02 
K -0.38 0.21 -0.22 
Na -0.39 -0.13 0.26 
Cl -0.38 -0.18 0.32 
SiO2 -0.37 -0.14 -0.15 
SO4 -0.22 0.57 -0.48 
DOC 0.03 -0.56 -0.73 
Flow Rate 0.33 0.02 -0.03 
Cumulative Variation 
(%) 60.16 77.51 86.79 
 
 
 
 
 
Table B-24: Factor loadings for urban land use data group in summer season (May – Sept) 
 
Variables F 1 F 2 F 3 
Ca 0.69 0.70 -0.11 
Mg 0.64 0.16 0.75 
K 0.58 0.70 0.03 
Na 0.96 0.24 0.07 
Cl 0.98 0.15 0.11 
SiO2 0.53 0.56 0.53 
SO4 0.08 0.88 -0.23 
DOC -0.05 -0.19 0.40 
Flow Rate -0.55 -0.40 -0.17 
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Table B-25: PC loadings for urban land use data group in fall season (Oct – Dec) 
 
Variables PC 1 PC 2 PC 3 
Ca -0.37 0.36 -0.01 
Mg -0.32 -0.47 0.05 
K -0.32 0.29 -0.37 
Na -0.41 -0.07 0.05 
Cl -0.40 -0.10 0.07 
SiO2 -0.31 -0.46 0.05 
SO4 -0.26 0.56 0.06 
DOC 0.05 -0.14 -0.92 
Flow Rate 0.41 0.05 0.05 
Cumulative Variation 
(%) 59.07 79.50 91.57 
 
 
 
 
 
 
 
 
